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Abstract
Product recovery and remanufacturing have received increasing attention in the past two
decades due to environmental, legal and economic drivers. The concept of reverse logistics
has evolved from an initiative to recycle raw materials such as paper and glass to a broad
sustainable product recovery and remanufacturing approach to enable a transition to
circular economy. Advanced manufacturing companies need to develop smart
manufacturing-remanufacturing systems to maximize product value recovery utilizing
Industry 4.0 principles. Research articles have accumulated over the years to suggest
solutions to many product recovery and remanufacturing implementation problems.
However, the common case of a family of products with modular structure has been
scarcely considered. Moreover, articles focusing on product recovery and remanufacturing
systems from circular economy and Industry 4.0 perspectives have been very limited. One
of the objectives of this research is to provide a brief background of the early stage of
research and analyze recent articles in the literature to summarize their scope, methods and
models. Furthermore, this research attempts to develop a decision-making framework for
product recovery and remanufacturing systems from the perspectives of the recent
megatrends of circular economy and Industry 4.0. The proposed decision-making
framework is explained in three chapters. First, an Industry 4.0 implementation framework
for circular economy manufacturing systems is outlined to assist in identifying Industry 4.0
technologies and the interconnected network of cyber-physical systems across the
manufacturing, remanufacturing and supply chain systems. The framework can be used as
an input for further analysis using a conceptual decision-making framework and
mathematical optimization models.
vi

Effective closed-loop supply chain network is a prerequisite for circular economy
manufacturing systems as it helps in establishing adequate quantity and quality levels of
returned products. To determine the preferred network configuration, a multi-criteria
decision-making framework is proposed to address the strategic planning issues in
manufacturing-remanufacturing closed loop systems. The conceptual framework utilizes
an analytical hierarchy process (AHP) model to help the decision makers in selecting the
best alternatives for multiple strategic decisions including the implementation level of
Industry 4.0 technologies. The model application is illustrated using a case study from the
washing machine industry sector.
Once the configuration of manufacturing-remanufacturing closed-loop system is
determined, a mathematical optimization model is used to complement the conceptual
decision-making framework. The optimization model was applied to the case of washing
machine manufacturing to determine the optimal product mix for three cases of
remanufactured product portion to fulfill market demands. The case study involves the
production of seven product variants and 14 modules. The results show that the company
net profit varies with the remanufactured product portion requirement in the product mix.
The model can be used in cloud computing within an Industry 4.0 framework to determine
the optimal product mix based on real-time data feedback in a given production period. A
second optimization model is developed to determine the optimal technology selection. Six
scenarios of remanufactured product portion requirements were studied for the case of
washing machines. The results show that the net profit decreases as the remanufactured
product portion increases. The output of the mathematical optimization model can be used
by decision makers to enhance the performance of the closed-loop system.
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Chapter 1
Introduction

The topics of reverse logistics, product recovery and remanufacturing have received
increasing attention in the literature in the past two decades. However, there is less attention
in the literature about these topics in conjunction with the two relevant newer topics of
circular economy and Industry 4.0 which represent megatrends in the industrial sector since
2014 and 2011 respectively. In this chapter, the motivation of research and a background
about the areas of research and how they are interrelated are provided. Furthermore, the
thesis statement and significance of proposed research are explained.
1.1 Motivation
The environmental impacts of modern manufacturing have attracted a lot of
attention in the literature and resulted in production and design modifications of many
products. The automotive industry, for example, was one of the most targeted industries
because of its high raw materials and energy consumption as well as its significant
contribution to environmental pollution. Automotive manufacturers are required to have
95% of their vehicles recyclable as per the European Union’s End-of-Life Vehicles
Directive 2000/53/EC (Kumar and Putnam, 2008). Recycling has been mandated across
other industries as well. For example, the European Union’s Waste Electrical and
Electronic Equipment (WEEE) Directive 2012/19/EU established the recovery and
recycling targets of electronic and electrical equipment in Europe (Islam and Huda, 2018).

1

In order to maximize the value recovered from used products, efficient product
recovery systems have to be in place. Product recovery can be achieved through reverse
logistics. Reverse logistics can be investigated separately or combined with forward
materials flow (Fleischmann et al., 1997). One of the main advantages of well-organized
and efficient product recovery systems is the mitigation of risks associated with
uncertainties in returned products’ quantity, quality and timing of return. Time delays can
be caused by extended storage of used products by customers or processing delays of
returned products in the collection stage or subsequent stages in the backward flow of
products (i.e., reverse logistics).
The success of product recovery programs in some industries and the increasing
concerns related to landfill spaces, availability of raw materials as well as water and energy
consumption have contributed to a transition from the conventional linear economy to a
circular economy paradigm. In circular economy, manufacturers aim at minimizing wastes
in raw materials, water, energy and other resources used in industrial systems by
maximizing the value recovered from returned products. Therefore, the circular economy
implies extending the life cycle of products by reintroducing them in the market to satisfy
consumer demands for new products through recycling. Remanufacturing is the ultimate
form of recycling (Giutini and Gaudette, 2003). Through remanufacturing, not only raw
materials are recovered but also other resources used in product manufacturing.
With the emerging smart factories and Industry 4.0 technologies, the laborintensive tasks of product recovery can be partially or fully automated and streamlined.
The applications of Industry 4.0 concepts in manufacturing have been covered in many
articles in the literature. However, more attention needs to be given to the potential benefits
2

of the emerging technologies in Industry 4.0 era in the field of remanufacturing and product
recovery systems. The research work in this thesis attempts to link the topics of product
recovery, remanufacturing and Industry 4.0 concepts which are often dealt with separately.
1.2 Background
The performance of product recovery systems depends on many criteria such as
product design, materials, manufacturing processes, customer behaviour, and supply chain
network. Because of the complexity involved in considering all these criteria and their subcriteria, a flexible and customizable decision-making approach is needed to address the
concerns of different industries. Effective decisions can be made by considering the
industry sector in general and specific manufacturer’s circumstances. Efficient reverse
logistics systems play an important role in the product recovery process.
The literature covering reverse logistics have been increasing steadily over the
years with a variation in trends and area of research. The distribution of 930 research
articles with “reverse logistics” and “closed loop supply chain” in the title for the past 12
years is shown in Fig. 1.1. The distribution was obtained using the search engine
“Compendex” in January 2021. Several literature review articles were published to explore
the research trends and directions. A literature review of research in reverse logistics
published by Agrawal, Singh and Murtaza (2015) covered a total of 242 articles published
from 1986 to 2015. The reviewed articles were classified into five categories as shown in
Fig. 1.2. According to the classification, the adoption and implementation category has
received 15% of the coverage in the literature. The research articles in this category
analyzed the drivers and barriers in reverse logistics implementation and framework for
determining the optimal system design. Due to the reverse logistics barriers such as lack of
3

personnel and capital resources, outsourcing of reverse logistics activities has been a
common practice. Outsourcing has received 18% of coverage in the literature (Agrawal et
al., 2015). Extending forward supply chain network design to reverse logistics networks
has been covered in 40% of the articles reviewed making this category the largest in the
reverse logistics literature.
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Fig. 1.1: Distribution of 930 research articles in reverse logistics and closed-loop supply
chains from 2009 to 2020 (obtained using Compendex in January 2021).

The Reverse logistics systems include recovering the product at its end-of-life stage
and other stages for different reasons such as customer returns (which can happen during
the return period specified in the retailer’s return policy) and warranty related returns
(which can happen during the warranty period). The products returned might end up in a
landfill or in the market again in a variety of forms such as remanufactured products,
4

refurbished products and spare parts. The main steps in reverse logistics are collection,
inspection, sorting and disposition (Agrawal et al., 2015). A literature review of the recent
research trends in reverse logistics and closed-loop supply chains is given in Chapter 2.

Fig. 1.2: Categories of research in reverse logistics literature (Agrawal et al., 2015).

The high residual value in many used products generated a growing interest among
third-party remanufacturers to acquire used products, remanufacture them and sell them in
the secondary market for a profit. The trend in research in remanufacturing has also been
increasing as can be seen from the distribution of 878 research articles shown in Fig. 1.3
for the past 15 years. Out of the 878 research articles shown, 182 articles (approximately
20%) had “supply chains” as a controlled vocabulary. The number of articles with both
“supply chains” and “decision making” as controlled vocabulary is 33 articles amounting
5

approximately to only 3.7% of the articles. The trend of research in this set of articles has
also exhibited an increasing tendency as shown in Fig. 1.4.
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Fig. 1.3: The increasing trend in remanufacturing research articles for the past 15 years
(obtained using Compendex in January 2021).
1.3 Challenges in Remanufacturing
Despite the economic incentives of pursuing product remanufacturing, the adoption
of remanufacturing strategies by many manufacturing companies has been so far limited.
The majority of products, manufacturing systems and supply chains have been designed
following a linear make-use-dispose model. As a result, organizations attempting to start
or expand their remanufacturing operations have to face a number of challenges. A study
conducted by Kurilova-Palisaitiene, Sundin and Poksinska (2018) identified ten challenges
that companies in the remanufacturing business encounter using four case studies involving

6

complex products. The challenges identified originate from the lack or poor condition of
(Kurilova-Palisaitiene et al., 2018)
•

Material requirements planning (MRP) system.

•

Core or returned product information and materials.

•

Spare parts information and materials

•

Quality management systems

•

Inventory control systems

•

Remanufacturing process requirements

•

Automation systems

•

Supply-demand balance
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Fig. 1.4: The number of research articles on remanufacturing with both “supply chains”
and “decision making” as controlled vocabulary (obtained using Compendex in January
2021).
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The challenges identified can be resolved through strong coordination throughout
the forward and reverse logistics as well as the product manufacturing and remanufacturing
facilities. Therefore, successful remanufacturing activities require a clear definition of roles
taken by stakeholders in the closed-loop supply chain and the implementation of advance
and smart technologies that enable efficient and profitable continuous flow of information
and materials. The need for smart systems that can enable the transition from linear
economy to circular economy was highlighted by Tolio et al (2017). The implementation
of such smart systems can lead to a sustainable future for major manufacturing sectors such
as aeronautics and automotive industry (Tolio et al., 2017).
1.4 Circular Economy and Industry 4.0
The increase in research articles in both remanufacturing and reverse logistics can
be attributed to the emerging concept of circular economy. The efforts to move towards
circular economy can range from recycling of simple products such as paper plates and
plastic bags to the wider materials and resource recovery from complex products such as
automotive parts and heavy equipment. Circular economy has been the focus of many
literature review papers due to its increasing popularity (Cerdas et al., 2015; Kalmykova et
al., 2018; Kirchherr et al., 2017; Korhonen et al., 2018; Reike et al., 2018; Singh and
Ordoñez, 2016; Winans et al., 2017). A search conducted using Compendex database with
the term “Circular Economy” in the subject/title/abstract fields returned 1606 journal
articles with the first article published in Chinese language in 2004. Approximately 91%
of the articles were published in 2015 or later. The surge in publications can be linked to
the European Commission (EC) plan to move towards a circular economy (EC, 2014). The
Chinese government has included pursuing a circular economy as a key target in its five8

year plan starting in 2006 (Cheng, 2007). The plan called for reducing energy and water
consumption as well as increasing industrial waste recycling rate (Cheng, 2007).
Circular economy can be enabled through different processes including reuse,
repair, remanufacturing and recycling (Tolio et al., 2019). These processes are not new;
however, the concept of circular economy has been recently used as foundation to lead
industrial development discussions by policy makers and business leaders (Korhonen et
al., 2018). The Ellen MacArthur Foundation (EMAF) was established in 2010 to promote
and accelerate the transition to circular economy (EMAF, 2015). Many definitions of
circular economy have emerged in the literature. Korhonen et al (2018) have collected 11
definitions of circular economy in recent literature from 2014 to 2017. According to one
definition based on Ellen MacArthur Foundation, circular economy is “an economic
strategy that suggests innovative ways to transform the current predominantly linear system
of consumption into a circular one, while achieving economic sustainability with much
needed material savings” (Singh and Ordonez, 2016).
The effective implementation of circular economy can be achieved through the
design of “factories and industrial networks for the management of a new class of fully
circular products according to innovative circular business models” (Tolio et al., 2019).
The term circulation or circular factories has been used to refer to factories that combine
manufacturing and remanufacturing in one integrated system (Cerdas et al., 2015). The
design of circular factories can benefit from the capabilities of the emerging Industry 4.0
technologies to deal with the uncertainty risks in quality, quantity and arrival time of the
returned products. A recent literature review study showed that the joint implementation
of Industry 4.0 and Circular Economy can directly contribute to six of the 17 United

9

Nations Sustainable Development Goals (SDG) (Dantas et al., 2021). An overview of how
Industry 4.0 can be used in circular economy manufacturing systems and a framework of
Industry 4.0 implementation are discussed in Chapter 3.
1.5 Significance of Research
The research work in this thesis aims at introducing a decision-making framework
that consider the current needs of complex product manufacturers to simultaneously
manage their transition to the emerging circular economy and Industry 4.0 paradigms. In
this context, the circular factory concept and closed-loop supply chains are integrated into
one manufacturing-remanufacturing closed loop system to maximize the value recovery
from the returned products.
The proposed decision-making framework consists of a conceptual model (Chapter
4) and a quantitative mathematical optimization model (Chapter 5). A framework for the
implementation of Industry 4.0 technologies in the integrated closed loop system is given
in Chapter 3. The research area is at the intersection of three important interrelated topics:
circular economy, Industry 4.0 and closed loop supply chains as illustrated in Fig. 1.5. A
Scopus database search in January 2021 for articles with keywords “circular economy”,
“closed-loop supply chain” and “Industry 4.0” returned three articles. One of the three
articles was based on work in this research covered in Chapter 5 (Bagalagel and
ElMaraghy, 2020). The second article covers the use of mathematical optimization to
decide the optimal processing alternative in a closed loop supply chain with product
tracking technology (Victor et al., 2020). The third article considers a network of 3D
printing platform, new and recycled materials suppliers and end users (Sun et al., 2020).
Prices, demands and profits of the network parties are derived using Stackelberg
10

equilibrium. The framework proposed in this research covers the decision making of
circular economy manufacturing-remanufacturing closed loop systems with Industry 4.0
implementation at a broader level with qualitative and quantitative approaches.

Circular
Economy
Industry 4.0

Closed-loop
Supply
Chain

Fig. 1.5: The scope of this thesis is at the intersection of three interrelated topics.

1.6 Problem Statement and Objective of Research
Product remanufacturing can benefit from the emerging technologies of Industry
4.0. However, there is a lack of tools that can fill the gap between science and applications.
There is a need to address the product and manufacturing systems aspects and the logistics
aspects in order to achieve sustainable solutions. Some of the problems that can hinder the
process of value recovery are
•

Lack of customer awareness of the options available to deal with used products,
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•

Lack of infrastructure to process returned products (long storage time, uncertainty
about remaining product value, remanufacturing capabilities), and

•

Lack of production planning and system flexibility to address fluctuations in market
demands and condition of returned products.
The objective of the framework is to streamline the decision-making process using a

semi-structured approach that can be customized to suit a variety of organizational needs
and circumstances. The framework presented in this research attempts to use decision
making and operations research scientific methods to investigate the qualitative and
quantitative aspects of the application and implementation of Industry 4.0 and circular
economy concepts in the remanufacturing field.
1.7 Thesis Statement
The transition to circular economy involves a complex process of organizational
reengineering that takes into consideration circular economy enablers and interactions with
other emerging trends and needs of the modern manufacturing. In the global manufacturing
sector, fluctuations in markets demands and customer requirements as well as the potential
benefits of Industry 4.0 technologies should be incorporated in the planning for circular
economy. The work in this thesis is composed of the following interrelated elements
1- Developing an Industry 4.0 implementation framework for circular economy
manufacturing systems can provide a first step in exploring the potential benefits of the
emerging Industry 4.0 technologies in product recovery and remanufacturing
applications. It can also provide an input to further analysis using conceptual and
mathematical models of decision-making.
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2- An AHP-based multi-criteria decision-making model can be used to make strategic
decisions such as network configurations and required level of Industry 4.0
implementation.
3- A mathematical optimization model can complement the conceptual decision-making
model by providing quantitative analysis to determine optimal system parameters based
on data feedback from different entities in the circular economy manufacturing system.
Considering the aforementioned elements, a general thesis statement of the research
can be written as
“Several issues influence the strategic planning and application of circular manufacturingremanufacturing. A conceptual model which, combines both the qualitative and
quantitative criteria involved in product remanufacturing and analytical models to optimize
the selection of the critical parameters would assist its planning and design”.
1.8 Scope of Research
The circular business models can be used in many product and service industries.
The decision-making framework proposed in this research is limited to manufacturing
industries with significant level of complexity and product variety. The framework is suited
for manufacturers considering the joint implementation of circular economy and Industry
4.0 principles to recover the value of design, materials and processes used to manufacture
the products.
The mathematical optimization model in the framework considers the case of
multiple products with modular structure. The decisions of the mathematical model were
optimal product mix and technology selection.
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1.9 Thesis Organization
The thesis is organized in chapters as follows
Chapter 1 covers the motivation, background, thesis statement and organization of the
thesis.
Chapter 2 presents a literature review of recent studies in reverse logistics, closed loop
supply chains and product recovery. The objective of this review is to identify the recent
trends in research and explore future needs and directions.
Chapter 3 presents an Industry 4.0 implementation framework for product recovery and
remanufacturing in a closed loop supply chain. The framework highlights the potential
benefits of Industry 4.0 implementation in the field of product recovery and
remanufacturing.
Chapter 4 presents a proposed conceptual multi-criteria decision-making framework. The
output of the proposed framework in this chapter is used for further quantitative analysis
in the mathematical model described in Chapter 5.
Chapter 5 describes a quantitative mathematical optimization model to complement the
conceptual framework proposed in Chapter 4. The conclusions are presented in Chapter 6.
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Chapter 2
Literature Review

2.1 Introduction
Reverse logistics has attracted an increasing attention in the literature for the past
two decades. Due to economic, legal and environmental drivers, manufacturing
organizations need to integrate reverse logistics into their product, process and business
plans. One of the legal requirements that generated attention to reverse logistics was the
European Union implementation of the Waste Electrical and Electronics Equipment
(WEEE) Directive, in August 2005, which required manufacturers to take-back products
at the end of their useful life (Ravi, 2008). However, manufacturing organizations need to
tackle many barriers and constraints involved at various stages of reverse logistics planning
and implementation. Researchers and practitioners have attempted to investigate these
barriers and propose solutions to facilitate reverse logistics adoption and implementation.
Reverse logistics concept has evolved over the years as the global economic,
environmental and legal circumstances developed. Initially, reverse logistics started as a
waste reduction effort. In 1994, recycling of paper and glass in Europe was estimated to
generate 27.7 million tonnes and 7 million tonnes respectively (Fleischmann et al., 1997).
The accumulation of electronic and electrical waste in landfills prompted a wider interest
in reverse logistics. The growing concerns about limited raw materials resources,
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hazardous materials in used products and other environmental concerns resulted in legal
pressure on manufacturers to take-back their products. Manufacturers were also motivated
to implement reverse logistics initiatives to reap some economic benefits. Moreover,
globalization and shorter product lifecycles forced manufacturing firms to consider reverse
logistics in their business strategies to be more competitive and profitable.
Global manufacturers’ efforts to maximize recovered value from used products has
led to the emergence of smart remanufacturing and demanufacturing systems with high
levels of automation, flexibility and adaptability (Tolio et al., 2017). For example, Kumatsu
Ltd., a global leader in construction and mining equipment manufacturing, has invested in
KOMTRAX, a remote monitoring system that collects data about the physical and
operating conditions of their equipment (Fig. 2.1). This type of smart systems is common
in the modern concepts of smart manufacturing and Industry 4.0. Kumatsu uses the
collected data to in planning their maintenance and remanufacturing operations (Tolio et
al., 2017). Other companies have also invested in their remanufacturing operations. As part
of its efforts to expand its manufacturing capabilities in the US and Canadian markets,
Detroit Diesel Remanufacturing LLC has recently acquired Mascot Truck parts, a leading
supplier of remanufactured parts (“Detroit Diesel Remanufacturing acquires Mascot Truck
Parts.,” 2017). Caterpillar Inc., a leading manufacturer of diesel engines and construction
and mining equipment, is also investing heavily in recovering value from 2.2 million
product through its remanufacturing operations (Stirling, 2016). The company is also
collaborating with researchers in the University of Birmingham to develop robotic
processes for disassembly which is one of the most challenging stages in remanufacturing
(Stirling, 2016).
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Many governments have introduced legislations to accelerate product recovery and
waste elimination efforts. In Canada, Ontario’s government has introduced Waste Free
Ontario Act, in 2016, which would require manufacturers to be responsible for their
products at their end-of-life (Baxter, 2016). The impact of the new legislation is still not
clear as the government is preparing its implementation policies.

Fig. 2.1: KOMTRAX system (Tolio et al., 2017).

In order to contribute to the field of remanufacturing and sustainable product
recovery, a study of decision-making for circular economy manufacturing systems is
presented in this research. First, an overview of reverse logistics and closed loop supply
chains is presented (Section 2.2). Next, recent research contributions to the field of reverse
logistics and product recovery are explored to identify latest research trends and
opportunities for future contributions (Section 2.3). Circular business models and case
studies are discussed in Sections 2.4 and 2.5. The proposed decision-making framework is
descried in Section 2.6.
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2.2 Reverse Logistics and Closed-Loop Supply Chains
Rogers and Tibben-Lembke (1999) defined reverse logistics as “the process of
planning, implementing, and controlling the efficient, cost effective flow of raw materials,
in-process inventory, finished goods and related information from the point of consumption
to the point of origin for the purpose of recapturing value or proper disposal”. This
definition is considered to be the most widely accepted definition of reverse logistics
(Agrawal et al., 2015).
Furthermore, Tibben-Lembke and Rogers (2002) discussed the differences between
forward and reverse logistics. These differences (given in Table 2.1) provided a basis for
many research studies attempting to design and analyze the complex reverse logistics
systems. However, some areas of reverse logistics received less attention than others.
Literature reviews have been conducted to identify gaps in the literature.
Reverse logistics can be studied as a separate network of reverse flow or as an
integrated forward and reverse distribution network (Fleischmann et al., 1997). The
integration of forward and reverse logistics results in closed-loop supply chains (CLSC).
From business perspective, closed-loop supply chain (CLSC) management can be defined
as “the design, control and operation of a system to maximize value creation over the entire
life cycle of a product with dynamic recovery of value from different types and volumes
of returns over time” (Guide and Van Wassenhove, 2009).
Another term related to reverse logistics is product recovery. Product recovery can
be defined as “an environmentally conscious approach where products are returned from
users to be reused for future” (Sasikumar et al., 2010). Comparing this definition with the
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reverse logistics definition proposed by Rogers and Tibben-Lembke (1999), we note that
“proper disposal” is not included in the product recovery definition. Therefore, product
recovery “aims at recovering the residual value of used products to minimize the amount
of waste sent to landfills” (Sasikumar et al., 2010). Hence, closed-loop supply chain
(CLSC) management as defined by Guide and Van Wassenhove (2009) is closely related
to product recovery because it calls for maximization of value creation and dynamic
recovery of value that would eventually minimizes the waste sent to landfills. The
processes and flows within a closed loop supply chain can be represented as shown in Fig.
2.2 (Agrawal et al., 2015).
Green logistics is also similar to reverse logistics as it includes activities and
practices that reduce the environmental impacts of logistics. However, some of the
activities of green logistics, such as reduction of packaging, may not come under the
definition of reverse logistics (Rogers and Tibben-Lembke, 2001). Reverse logistics, in the
context of product recovery, is implemented to recapture the returned product value and
minimize the waste sent to landfills. Green logistics, on the other hand, aims at reducing
the ecological footprint throughout the forward and reverse logistics activities. The
overlapping between green logistics and reverse logistics is illustrated in Fig. 2.3. While
implementing reverse logistics to recapture used products’ value, it should be noted that
reverse logistics can adversely affect green logistics by increasing freight transportation
ecological footprint. In order to take the overall environmental impact into consideration,
all reverse and forward logistics activities should be integrated with the aim of minimizing
the overall environmental impact (ecological footprint) of both the forward and reverse
supply chains (Klassen and Johnson, 2004).
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Table 2.1. Difference between forward and reverse logistics (Tibben-Lembke and
Rogers, 2002).
Forward logistics

Reverse logistics

Forecasting relatively straightforward

Forecasting more difficult

One to many transportation

Many to one transportation

Product quality uniform

Product quality not uniform

Product packaging uniform

Product packaging often damaged

Destination/routing clear

Destination/routing unclear

Standardized channel

Exception driven

Disposition options clear

Disposition not clear

Pricing relatively uniform

Pricing dependent on many factors

Importance of speed recognized

Speed often not considered a priority

Distribution costs closely monitored

Distribution costs less directly visible

Inventory management consistent

Inventory management not consistent

Product lifecycle manageable

Product lifecycle issues more complex

Negotiations between parties

Negotiation complicated by additional

straightforward

considerations

Marketing methods well-known

Marketing complicated by several factors

Real-time information readily available

Visibility of process less transparent

to track product
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Fig. 2.2. Processes and flows within a closed loop supply chain (Agrawal et al., 2015).

Fig. 2.3: Comparison of reverse logistics and green logistics (Rogers and TibbenLembke, 2001).
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2.3 Latest Research Directions in Reverse Logistics and Closed Loop Supply Chains
Using Scopus, a literature search for articles in reverse logistics and closed loop
supply chains was conducted. A total of 644 articles from 2015 to 2020 were analyzed
using the bibliometric analysis software VOSviewer to explore the topics covered in the
articles. The analysis map generated is shown in Fig. 2.4. The articles were grouped into
clusters based on the terms’ occurrence indicating the topics covered in the articles. The
color code in Fig. 2.4 indicates the time of publication. The term “Circular Economy” was
found in a few articles as illustrated in Fig. 2.5 which is an enlarged portion from Fig. 2.4
(square A). Similarly, the term “remanufactured product” has received little attention as
can be seen in Fig. 2.6 which is an enlarged portion from Fig. 2.4 (square B). The term
“analytical hierarchy process” cluster is located in square C in Fig. 2.4 (enlarged in Fig.
2.7). Both the “circular economy” and “remanufactured product” clusters are “yellow”
indicating that these topics were considered in recent literature (2018 to 2020). However,
the “analytical hierarchy process” term was covered in older literature which indicates that
this method was not associated with circular economy and remanufacturing.
To get a more detailed picture, a review of articles published in the field of reverse
logistics and closed loop supply chains from 2015 to 2018 is presented. The objective of
the review is to observe the latest trends and directions of research and identify gaps in the
literature and potential areas of future contributions. A search was conducted using Scopus
using the keywords “reverse logistics” or “closed loop supply chain”. The results were
limited to journal articles published in from 2015 to 2018 in English. Only articles that
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appeared in journals that had 5 or more articles published were selected for this review. A
total of 90 journal articles were selected for this review.

Fig. 2.4: Bibliometric analysis of 644 articles using VOSviewer.

Fig. 2.5: The “circular economy” cluster from the bibliometric analysis (square A).
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Fig. 2.6: The term “remanufactured product” cluster from the bibliometric analysis
(square B).

Fig. 2.7: The term “analytical hierarchy process” cluster from the bibliometric analysis
(square C).
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The articles covered many issues of reverse logistics and closed loop supply chains
with a wide range of assumptions and solution methodologies. In order to identify the
trends in the research literature, the articles were grouped in six main categories according
to their main theme. These categories and the number of articles in each category are given
in Table 2.2.
2.3.1 Pricing, Coordination and Remanufacturing Strategy
The optimal production and acquisition pricing decisions were investigated by He
(2015) under the cases of deterministic and stochastic demand. The problem was
mathematically formulated, and analytical solution was derived for centralized and
decentralized recycling channel structures. However, the model didn’t consider modular
products that are manufactured by assembling modules from different suppliers. Other
disposition alternatives such as disposal and refurbishing were not considered in the study.
The model can’t be used in an Industry 4.0 context because it is based on a simplified
mathematical formulation and doesn’t account for the product complexity.
A closed loop supply chain study considered two competing manufacturers who
need to decide production quantities and level of remanufactureability to maximize their
profit (Qiang, 2015). The problem was formulated as a finite-dimensional inequality
problem that could be solved using a given algorithm. It was assumed that the manufacturer
who has a higher level of remanufactureability will incur higher production cost of new
products but will later have the benefit of lower cost for the remanufactured product. The
study was simplified and didn’t include the modular product case. Furthermore, other
disposition alternatives were not considered.
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Table 2.2. The main categories of latest research in reverse logistics and closed loop
supply chains.
Category

Number of articles

Pricing, Coordination and Remanufacturing Strategy

32

Developments in Network Design Models

19

Green and Sustainable Aspects

20

Quality Grading of Returned Products

9

Multi-Criteria Decision Making (MCDM) Models

7

Third Party Reverse Logistics Provider Selection

3

A promotional offer to encourage consumers to return their used products was
studied using a non-linear optimization model to maximize profit (Das and Dutta, 2015).
In addition to the optimal discount amount, the model helps decision makers decide optimal
manufacturing, remanufacturing and disposal quantities. However, the authors assumed
that manufactured and remanufactured products have the same price. In real practice,
remanufactured products have to be sold at a discounted price to motivate customers to buy
them. Das and Dutta (2016) have also considered incentive-dependent demand and return
in a multi-period closed loop supply chain using a system dynamics approach. The study
focuses on optimal incentive given to customers to return their used products. In another
study, a mathematical model to determine the optimal buy-back offer at retailer level was
developed by Dutta, Das, Schultmann and Frohling (2016). The model seeks to meet a
minimum legally required collection limit while minimizing the overall cost under demand
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and capacity uncertainty. Sale and acquisition price optimization in a closed loop supply
chain with remanufacturing was also investigated by Bhattacharya, Kaur and Amit (2018).
Pricing and collection strategies were also investigated using game theory for closed loop
supply chains (Taleizadeh et al., 2018). In these studies, the focus was on pricing and
collection policy of used products. Product complexity, variety and/or production planning
issues were not considered. In today manufacturing sector, product complexity and variety
have a significant effect on product recovery practice; therefore, they should be considered
in the modeling.
In addition to the impact of product price on demand, advertising can have a
significant effect on demand and product return. This effect was considered in a study
utilizing Stackelberg game to model closed loop supply chains (Hong et al., 2015). A
revenue-sharing contract was studied by Zou and Ye (2015) for a closed loop supply chain
in which the remanufacturing cost is stochastic and depends on the used product quality
and the proportion of reusable parts determined in the product design stage. Another study
proposed a model that considered revenue sharing contract and manufacturer-retailer profit
coordination under a dual-channel recycling of glass bottles (Ran et al., 2016). A revenuesharing contract for the case of green sensitive consumer demand was studies by Giri,
Mondal and Maiti (2018). Revenue and cost sharing were considered by Xie et al. (2018).
Zhou, Chan, Wong and Lee (2015) investigated noncooperative competition between
oligopolistic firms in a stochastic environment. Genetic algorithm and particle swarm
optimization (PSO) algorithm were used to solve the Cournot-Nash equilibrium problem.
The application of game models in product recovery problems is based on rational
behaviour among the players involved. However, this rationality doesn’t exist in most real-
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world situation due to the fact that the manufactured products’ market is influenced by
some factors such as product brands, consumer’s preferences, and manufacturer’s
marketing policies.
Dual channel recycling was also considered for a construction machinery closed
loop supply chain (Yi et al., 2016). A game theoretic approach was employed to determine
the allocation of collection to a retailer and a third-party recycler. Another dual-channel
supply chain case was investigated to determine pricing and product return decisions (Giri
et al., 2017). The dual-channel was present in both product supply and used product
collection. Another dual channel closed loop supply chain model was developed with
revenue-sharing contract and cooperative advertising (Xie et al., 2017). The study
considered both centralized and decentralized supply chain structures. Furthermore, dual
channel product collection was investigated under competition between the collection
channels (Liu et al., 2017). Three scenarios of competition were studied: manufacturerretailer competition, retailer-third party, and manufacturer-third party competition. A dual
channel closed loop supply chain with an attractive return policy was investigated to
examine the impact of return policy on profitability (Batarfi et al., 2017). The results were
compared to a single channel structure and showed that dual-channels were more
profitable. The dual-channel case involved selling the refurbished products through an
online channel. No remanufacturing was considered in the study. Production planning
decisions are usually not included in dual-channel studies as the focus is on evaluating the
profitability of different supply and collection structure. Moreover, these studies
implement a quantitative approach only to compare alternative channel structures.
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A Stackelberg game theoretic approach was employed to study the competition
between two closed loop supply chains under uncertainty (Fallah et al., 2015). The decision
makers need to decide the new product retail prices and incentives paid to encourage
customers to return their used products. A similar study investigated three different supply
contracts (wholesale price, buy-back and quantity discount) in which a supplier has more
bargaining than a retailer (Yoo et al., 2015). The retailer decides the retail price and return
policy which influence the demand and return quantities. Pricing under different channel
power structures was also investigated using game theoretic models (Gao et al., 2016). The
channel power structures considered are manufacturer Stackelberg, vertical Nash and
retailer Stackelberg. A game theoretical approach was also used to determine optimal
pricing of manufactured and remanufactured electric vehicle batteries (Gu et al., 2018).
A Stackelberg game theoretic model was also used by Aydin, Kwong and Ji (2016)
to investigate the coordination between a closed loop supply chain parties for the design of
product lines. The model is also used for pricing decisions and product return quantity.
Maiti and Giri (2017) used game theory to compare four supply chain structures:
decentralized, manufacturer-led, retailer-led and centralized structures. They considered a
product recovery scenario in which the retailer collects the used products form some
consumers and offer an exchange for some consumers. Genc and Giovanni (2017) have
used Stackelberg game theoretic approach to study the impact of a trade-in and save policy
on the consumer return behaviour when the return rate is dependent on price and
technology.
In another study (Rezapour et al., 2015), the internal competition between
manufactured and remanufactured products within the same supply chain was investigated
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in addition to external competition between two independent closed loop supply chains.
The two supply chains compete for the same price-dependent market demands. A rewardpenalty mechanism in a closed loop supply chain was investigated to help the manufacturer
decide contract parameters (Wang et al., 2017). Under this mechanism, the retailer collects
used products from consumers while the manufacturer needs to set wholesale price, buyback price and franchise fee.
Huang and Wang (2017a) considered three remanufacturing scenarios in which the
manufacturer collects and remanufactures used product, a retailer is licensed to
remanufacture a portion of returned products or a third party is licensed to remanufacture
a portion of returned products. The scenarios’ mathematical models were analytically
solved. In an extension to this study, the authors also explored the effect of information
sharing among the supply chain parties on profitability (Huang and Wang, 2017b).
Information sharing was also investigated by Zhang and Xiong (2017) for closed loop
supply chains with remanufacturing operations. In their analysis, information sharing of
demand forecast was considered for the cases of “make-to-order” and “make-to-stock”
manufacturer policy. The analytical mathematical methods used in these studies involved
some assumptions to simplify the solution. Realistic assumptions would usually require the
use of computerized solution methods to account for the complexity and variety of modern
manufactured products.
A major concern in closed loop supply chain management is the risk caused by
uncertainties in the product acquisition process. To address this risk, He (2017) studied
three types of risk-sharing contracts using game theoretical models to determine the
recycling price and the remanufacturing quantity. Furthermore, the risk caused by
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remanufacturing cost uncertainty and its impact on collection channel and production
decisions were investigated for a closed loop supply chain with one manufacturer and one
retailer (Han et al., 2017). With advancement in technology, the risk of uncertainty can be
reduced using embedded sensors, artificial intelligence and other tools. There is a need to
model remanufacturing systems utilizing the newly developed risk-reducing technologies.
To understand the forces influencing the adoption of closed loop supply chains, an
empirical study was conducted in Malaysia in which 150 firms were surveyed (Shaharudin
et al., 2017). The collected data was analyzed using structural equation modeling to explore
the impact of product returns on the adoption of reverse logistics and improve its outcome.
The papers overviewed in this section investigated pricing, manufacturer’s coordination
with other parties and remanufacturing strategies in terms of optimal incentives and return
levels. Product complexity, qualitative decision-making of network configuration,
production planning issues received little attention.
2.3.2 Developments in Network Design Models
Because of the complexity involved in reverse logistics and closed loop supply
chains, the need for robust optimization models that account for various realistic
assumptions and scenarios continues to receive attention from researchers. This section
presents a collection of articles that contributed to this area.
A closed loop supply chain network design problem in which there are two
disposition alternatives (disposal and remanufacturing) was formulated as a mixed-integer
programming problem and solved using metaheuristic algorithms to minimize the cost
(Tokhmehchi et al., 2015). The mathematical model didn’t include refurbishing and
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recycling disposition alternatives. It was assumed that the returned products can either be
remanufactured or sent to disposal sites. Moreover, the modular structure of products was
not included in the model. A multiple disposition alternative closed loop supply chain
network design was also studied using a scenario-based approach (Jerbia et al., 2018). In
this study, no modular products or multiple products were considered. A global closed loop
supply chain network design under uncertainty was investigated using mixed integer
nonlinear programming and a hybrid heuristic algorithm (Hasani et al., 2015). The study
considered many realistic assumptions for a cross-country network such as exchange and
tax rate, import tariffs and trade regulations for a predetermined lifetime multiple products,
multiple period and multiple echelon medical device supply chain. However, the model
didn’t include remanufacturing of returned products.
A mixed integer programming model was developed to study a closed loop supply
chain and an open loop supply chain simultaneously by Ozceylan (2015). The closed loop
supply chain provided a supply channel to the open loop supply chain. The returned
products were used for another product in the open loop supply chain. No other disposition
alternatives were considered. A closed loop supply chain with multiple collectors
(recyclers, remanufacturers and repairers) was investigated under uncertainty for the
fashion industry (Kim et al., 2018). The study considered collection and processing of
returned products by independent parties for repair, remanufacturing and recycling.
A mixed integer non-linear programming model was used to minimize the cost of
a closed loop supply chain with forward, reverse and reverse-forward joint warehouses
(Al-Salem et al., 2016). The model was simplified by linearizing the constraints and using
a piecewise linearization for the objective function. No multiple products or modular
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structure were considered in the model. The reverse logistics network of plastic bottles was
studied using a mixed-integer linear programming model (Paydar and Olfati, 2018). The
model involves a single type of simple product and the objective was to determine the
number and locations of facilities as well as the flow between them.
Most network design studies consider the return of products only without
considering the return of spare parts and subassemblies. In order to have a more realistic
formulation, a network design model considering the return of the product as well as its
subassemblies and spare parts was formulated by Tahirov, Hasanov and Jaber (2016).
However, the paper considered only a single product. A family of products was not covered
in the study. In another study, a multi-product and multi-period closed loop supply chain
was studied under scenario and fuzzy-based parameter uncertainties (Dehghan et al., 2018).
No modular products were considered in the model. A multi-objective optimization model
for a green closed loop supply chain with a quantity discount was developed by Rad and
Nahavandi (2018). The model didn’t address modular products. A reverse logistics
network for the construction industry was considered by Rahimi and Ghezavati (2018).
The study addressed only the recycling of construction and demolition materials. A biobjective optimization model was used by Yu and Solvang (2018) to study reverse logistics
networks under uncertainty. The paper considered multi-products; however, no modular
structure was considered.
A commonly used assumption in network design studies is that the facilities are
always available. A closed loop supply chain problem in which facilities are subject to
complete or partial disruptions was investigated using a mixed integer linear programming
(Torabi et al., 2016). The risk of facility disruption in a closed loop supply chain was also
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considered in a robust optimization study to determine facility location (Jabbarzadeh et al.,
2018). In both of these studies, no modular product structure was included in the model
formulation. A reprocessing facility location model was also developed by Coelho and
Mateus (2018) for a reverse logistics network. The problem was solved using a two-step
algorithm. The model objective is to determine the capacitated plant location and doesn’t
consider multiple-products or modular structure in product design.
In another development in network optimization modeling, a new cross-entropy
(CE) algorithm was proposed to solve a mixed-integer programming model for a multiproduct multi-period closed loop supply chain network design problem (Wang et al., 2016).
The new CE algorithm solution was compared with a genetic algorithm (GA) solution and
found to be better in terms of solution quality and computation time. In addition to CE
algorithms, a multi-objective particle swarm optimization (PSO) algorithm was also used
to solve a mixed integer linear programming model of a closed loop chain (Kadambala et
al., 2017). The model objectives were maximization of profit and minimization of energy
use. The focus of these papers was to develop algorithms to solve large optimization
models. However, the product modular structure, which is very common in modern
manufacturing, was not included in the modeling.
A few models in the literature considered queuing models in which product waiting
time should be minimized. Vahdani and Mohammadi (2015) formulated a bi-objective
mathematical optimization model to minimize the total cost and waiting time in the system
under uncertainty conditions. The model was solved using queuing theory, interval
programming, stochastic programming, robust optimization and fuzzy multi-objective
programming. A multi-period vehicle routing closed loop supply chain model was
34

formulated and solved using Artificial Immune System (AIS) and Particle Swarm
Optimization (PSO) algorithms (Kumar et al., 2017).
Development of mathematical optimization models is an open area of research due
to the unlimited number of scenarios that can be considered and the variety of variables
that can be solved for. The modular structure of products was considered in a few models.
2.3.3 Green and Sustainable Aspects of Reverse Logistics and Closed Loop Supply
Chains

In order to consider green and sustainable aspects in addition to the conventional
cost minimization or profit maximization objective functions, many researchers have
included carbon emissions in the closed loop supply chain network design. For example,
Choudhary, Sarkar, Settur and Tiwari (2015) investigated optimum network configuration
that could reduce both the cost and carbon emissions. A quantitative optimization model
was proposed and solved using a forest data structure for three different carbon reduction
policies. In another study, a robust fuzzy mixed integer optimization model was used to
minimize cost and carbon emissions (Talaei et al., 2016). The model considered
uncertainties in cost and demand in a multi-product green closed loop supply chain. To
explore the effect of government policy on the closed loop supply chains, three different
carbon emission policies were investigated using mixed integer linear programming (Xu
et al., 2017). The three policies considered are carbon cap, carbon tax and carbon cap-andtrade.
The minimization of carbon emissions was also considered in another study where
the mathematical optimization model was solved using two multi-objective evolutionary
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algorithms (Tiwari et al., 2016). Moreover, Yu and Solvang (2016) developed a multiobjective mixed integer programming model to minimize the cost and carbon emissions
for a reverse logistics network. A minimum rate of resource utilization was also included
in the model to limit the amount of waste sent to landfill. Another study utilized a multiobjective optimization model with carbon emissions minimization for the gold industry
(Zohal and Soleimani, 2016). The model was solved using an ant colony meta-heuristic
algorithm. He, Xiong and Lin (2016) have studied the effect of imposing a governmental
tax on e-commerce on carbon emissions in a dual channel closed loop supply chain with a
traditional retailer and an online retailer. Carbon emission minimization was also
considered for the case of short shelf-life fresh food closed loop supply chain (Guo et al.,
2017). The model was solved using genetic and particle swarm optimization algorithms.
A closed loop supply chain optimization model that considers both environmental
and operational objectives was used to optimize profit, energy spent, carbon emissions and
sustainability performance (Das and Posinasetti, 2015). Minimization of energy use was
also included in a mixed integer linear programming model and a particle swarm
optimization (PSO) algorithm (Kadambala et al., 2017). The model was solved using
Pareto optimal solution and goal programming. Another study considered maximizing
profit and minimizing transporting vehicles (Garg et al., 2015). The problem was
formulated as a bi-objective integer nonlinear programming model and solved using an
interactive algorithm.
Green principles were also considered in a robust optimization model that accounts
for the fluctuation in demand and cost parameters in closed loop supply chains
(Entezaminia et al., 2017). The study investigated the impact of waste management,
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transportation-related carbon emissions and production methods on the supply chain design
with a case study from the wood and paper industry.
Evaluation of closed loop supply chains from sustainable manufacturing
perspective was performed using a multi-objective mathematical model (Govindan et al.,
2016). The objectives of the model are related to the impact of the network on economy,
environment and society. Bazan, Jaber and Zanoni (2017) considered three critical
environmental issues in modeling a closed loop supply chain. The three environmental
factors are energy consumption in manufacturing and remanufacturing, carbon emissions
from production and transportation and number of times a used product is recovered. In
another multi-objective closed loop supply chain model, in which environmental impacts
were considered, metaheuristic algorithm was used to optimize the performance
(Sahebjamnia et al., 2018).
The trade-off between network profitability and product greenness (being more
likely to be recovered) was studied using a mixed integer linear programming model
(Ghayebloo et al., 2015). The product Design for Disassembly (DfD) level was considered
in the model as a factor in determining the product greenness. A fuzzy multi-product, multicomponent and multi-material network design optimization model was developed to ensure
the highest degree of product recovery (Soleimani et al., 2017). The model considers green
and sustainable aspects by seeking minimum carbon emission level, minimum lost days
due to occupational accidents and maximum product, component and raw materials
recovery.
The effect of corporate social responsibility (CSR) through recycling on the
manufacturer-retailer coordination was studied for the centralized and decentralized
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channel cases (Panda et al., 2017). The article discussed the relation between revenuesharing contract and CSR. A literature review of supply chain contracts revealed that buyback and revenue sharing contracts are the most popular contract types in reverse logistics
(Guo et al., 2017). The relationship between efficient flexible long-term capacity planning
and optimal social responsibility reverse logistics performance was studied using a system
dynamics approach (Sudarto et al., 2017). A capacity planning policy is proposed to
overcome product life cycle uncertainties and improve the sustainability performance.
The minimization of carbon emissions in reverse logistics network is an extension
of previous work on forward logistics networks which aims at deciding the number and
locations of production and distribution facilities. The optimal number and locations of
facilities ensures that carbon emissions goals are met. The reduction of carbon emissions
due to the elimination of new raw materials requirements was not included in all studies
reviewed. The fulfilment of market demands with recovered products can significantly
reduce carbon emissions from the production of new products. Therefore, the introduction
of more remanufactured products to the market can reduce both the operation costs and
carbon emissions.
2.3.4 Quality Grading of Returned Products
One of the critical factors for the reverse logistics success is the quality of the
returned products. The quality of the returned products determines the acquisition price
and disposition alternative. Therefore, this category is strongly related to disposition
decisions and network configuration. Giri and Sharma (2015) developed two mathematical
models that consider manufacturing defects and quality of returned products for a single
and multi-cycle manufacturing-remanufacturing system. The model was solved using
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sequential and global optimization algorithms. The models didn’t address the cases of
multi-products and modular structure. A model considering three quality grades of the
returned products was developed by Bhattacharya and Kaur (2015). The acquisition price
is determined based on the quality grade assigned and the returned products are sent either
to repairing, dismantling or recycling stage. No remanufacturing was included as a
disposition alternative. A closed loop supply chain with two quality levels (good and bad)
was studied using an integer programming model with a two-stage genetic algorithm (Chen
et al., 2015). The model considered a single product with only two disposition alternatives:
recycling and disposal.
Maiti and Giri (2015) studied the closed loop supply chain under product price and
quality dependent demands. The study considered five different cases including Nash game
and three different Stackelberg games involving a manufacturer, a retailer and a third-party
product collector. The model assumes that the parties act independently with no
manufacturer-led coordination. A network programming model that includes a conditional
quality-based segmentation policy and quality-dependent incentive rates was developed
for a closed loop supply chain in the textile industry (Masoudipour et al., 2017). The model
aims at maximizing the profit of both the manufacturer and a set of distribution/collection
stores. The model doesn’t address the concerns of a manufacturer of complex products with
variety and modular structure.
A quality-driven reverse logistics model was proposed to maximize the profit from
the recovered products (Meng et al., 2017). The model used failure data and condition
monitoring data to determine the remaining useful life of the product. The model focuses
on evaluating the quality condition of the returned products and assigning the recovery
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option. The impact of product return yield and remanufacturing lead time uncertainty on
order rate and actual inventories was studied by Zhou, Naim and Disney (2017). The results
of the study can be used for the development of optimum supply chain policies to mitigate
the impact of uncertainty on the performance dynamics of the supply chain.
Modular product returns with uncertainty in quality was modeled using stochastic
mixed-integer programming (Jeihoonian et al., 2017). The products were assumed to be
homogenous with a single modular structure. The quality status was considered for each
component of the returned product and multiple scenarios were solved using an L-shaped
algorithm. Mushtagh and Taleizadeh (2017) have also considered returned product quality
and its impact on buy-back cost, remanufacturing cost and salvage value. They also
assumed that manufacturing and remanufacturing processes may produce defective
products that need to be reworked. The study didn’t address the case of multiple products
with modular structure.
2.3.5 Multi-Criteria Decision Making (MCDM) Models
Prakash and Barua (2015) developed a multi-criteria decision making (MCDM)
method using an integrated analytical hierarchy process (AHP) and technique for order
performance by similarity to ideal solution (TOPSIS) approach. The method was used to
rank solutions to overcome barriers to reverse logistics adoption in electronic industry. A
fuzzy AHP-TOPSIS method was used by Sirisawat and Kiatcharoenpol (2018) to rank
solution to reverse logistics barriers. A hybrid MCDM method was also developed for risk
analysis and prioritisation in reverse logistics (Senthil et al., 2018). A hybrid fuzzy ANP
and optimization approach was proposed by Tosarkani and Amin (2018) to study reverse
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logistics in the electronics industry. The model was used for selecting third party reverse
logistics provider.
A hybrid mixed integer linear programming (MILP)-analytical hierarchy process
(AHP) method was developed and applied to a reverse logistics network design problem
(Galvez et al., 2015). The method was used to evaluate possible scenarios for a biogas plant
logistics network with economic and environmental considerations. Recovery options in
the process industry (beverages, packaging and construction chemicals) were investigated
using case studies and expert analysis approach (Sellitto, 2018). The case of a manufacturer
of complex products with modular structure was not covered in the above two papers
reviewed.
In a recent study, a multi-criteria decision making (MCDM) approach was used for
the selection of disposition alternatives assigned to returned product at the
sorting/inspection stage (Agrawal et al., 2016). The study utilized the Graph Theory and
Matrix Approach (GTMA) to evaluate four disposition alternatives based on their attributes
such as market conditions, environmental impact and product value. The study didn’t
address how the network configuration can also be determined using conceptual MCDM
approach. Other MCDM studies that focused on third-party provider selection are included
in the next section.
2.3.6 Third Party Reverse Logistics Provider Selection
Even though integrating reverse logistics activity in the forward logistics network
may provide an economic advantage as well as higher degree of control for the
manufacturer, some medium and small size companies might outsource their reverse
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logistics operation to a third party due to lack of capital investment and economy of scale.
In a recent study, a three-step approach was proposed for the evaluation and selection
process (Tavana et al., 2016). First, the evaluation factors are weighed using Likert scale
questionnaires followed by a screening step using the average alternative method. Finally,
an analytical network process (ANP) method is utilized to study the interaction between
the selection factors.
A third-party selection problem in which sustainability issues were considered was
studied using a two-step approach (Mavi et al., 2017). First, a fuzzy stepwise weight
assessment ratio analysis (Fuzzy SWARA) was used to evaluate the selection criteria
followed by a fuzzy multi-objective optimization on the basis of ratio analysis (Fuzzy
MOORA) to rank the third-party providers. The method was illustrated with a case study
form the plastic industry. A third-party selection problem was also investigated using the
cumulative prospect theory (CPT) with a case study from the electronics industry (Li et al.,
2018). The small number of studies addressing third party reverse logistics provider reflects
the new trend of establishing a larger manufacturer role in the product recovery and
disposition of returned products.
2.3.7 Summary
In this review, the field of reverse logistics and product recovery was examined to
track major developments and research contributions. The research articles addressing the
various issues in reverse logistics have multiplied over the past two decades. The definition
and scope of reverse logistics have evolved to cope with emerging needs, barriers, drivers
and industry practices. In particular, the relationship between reverse logistics and other
related concepts such as circular economy, closed loop supply chain management and
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remanufacturing has become stronger. However, there is less attention in the literature to
the circular economy manufacturing systems with consideration of Industry 4.0
implementation.
A recent literature review has recommended research in issues like adoption and
implementation, forecasting product returns and disposition decisions (Agrawal et al.,
2015). Other literature reviews have identified areas like multi-criteria decision making
(MCDM) approaches (Govindan et al., 2015; Ilgin et al., 2015; Sasikumar and Kannan,
2009) and simultaneous investigation of different topics usually studied separately
(Govindan et al., 2015). The present literature review of 90 journal articles published in
the last four years shows that these areas identified in previous literature reviews were
covered in a few articles and still need more attention. Some other identified areas of future
research, such as green and sustainable aspects (Govindan et al., 2015), have indeed been
covered by many researchers. In general, there are still gaps to be filled in all identified
areas due to the complexity involved in reverse logistics and closed loop supply chain
systems and the large number of possible network configurations and coordination
strategies among stakeholders.
The articles covered in this review were grouped in six categories based on their
main topics. From the distribution of articles shown in Table 2.2, the multi-criteria decision
making (MCDM) models were utilized in a few articles (7 out of 90 articles reviewed). In
addition, research opportunities exist in the following topics
•

Hybrid structures, in which some reverse logistics activities are outsourced to thirdparty providers while others are handled by the manufacturer, needs to be considered
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to serve manufacturers who decide to handle some critical components of the used
products and outsource others.
•

A multi-step solution approach was used by a few researchers and could be applied to
more reverse logistics and closed loop supply chain problems in the future.

•

In the area of pricing, coordination and remanufacturing strategy, most studies have
considered one manufacturer and one retailer. Scenarios in which more stakeholders
are involved need to be considered.

•

Quality of modular product returns was considered in one article only (Jeihoonian et
al., 2017). More studies of this kind are needed since the quality of different
components or modules of a product can vary significantly and may need to be assigned
to different disposition channels.

•

Network design problems continue to attract the attention of many researchers due to
the complex nature of the models developed for realistic scenarios. However, there is
a need for more studies in which optimization models are used with another solution
approach such as Analytical Hierarchy Process (AHP) to form a hybrid solution
method.

•

Most network optimization models focused on allocation-location problems. Product
mix determination and production planning received little attention.
In the research, a decision-making framework is proposed to fill some gaps n the
literature. The framework is proposed in the context of the new Circular Economy
trend. Circular business models and some relevant case studies are discussed first to
clarify the significance of the framework.
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2.4 Circular Economy Business Models
In order to encourage the transition to circular economy, implementation
frameworks have been proposed to provide some guidelines for businesses, regulators, and
consumers. In 2017, the first standard for circular economy practice was released in the
UK under the name “BS 8001: Framework for implementing the principles of the circular
economy in organizations” (Pauliuk, 2018). The standard provides broad guidelines that
can be used by any organization regardless of its sector, product type, processes, or
business circumstances (Pauliuk, 2018). The framework consists of eight flexible stages
including idea generation, feasibility, prototyping, implementation, and monitoring.
An earlier framework, known as the ReSOLVE framework, was introduced in 2016
and called for six actions to transition to circular economy (McKinsey, 2016). The six
actions represent venues of improvement that should be considered by organizations,
businesses, and consumers to reduce waste, energy, and natural resources consumption.
The ReSOLVE framework suggests that business models should be developed to
regenerate, share, optimize, loop, virtualize and exchange. Table 2.3 provides a brief
description for each action in the framework (McKinsey, 2016).
The Organization for Economic Cooperation and Development (OECD) has issued
a report on key characteristics of circular economy business models (OECD, 2019). The
report identifies the key characteristics of circular business models as: circular supply,
resource recovery, product life extension, sharing and product service systems. These key
characteristics requires taking some of the actions outlined in the ReSOLVE framework.
Circular business models can be defined as innovative and systemic business
conceptualizations that combine sustainable principles of resource conservation and
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environment protection with circular design of products, systems, processes, and supply
chains. Circular economy contributes to the sustainable development three dimensions by
introducing new ideas, technologies and systems that collectively lead to circular business
models. Individual improvements in product and system design may not be sufficient if the
business model is not modified to embrace these improvements and retrieve the value
embedded in them. For example, the single-use plastic bottles that are made of 100%
recyclable materials can end up in landfills if the business model is not modified to
introduce an effective circular loop.
In addition to companies aligning their business models to become more circular,
other businesses have developed innovative solutions to help other businesses and
consumers with specific areas of improvement. The World Economic Forum has
recognized 11 leaders in this category (Thornton, 2019). Examples of these innovation
leaders are:
•

Winnow has developed smart meters that measure food waste in commercial kitchens
and identify ways to reduce it.

•

DyeCoo developed a cloth dyeing method that does not use water or chemicals. The
new process eliminates the toxic waste produced by the textiles industry.

•

Close the Loop is an Australian company that uses old printer waste, soft plastics,
recycled glass with asphalt to make a new road surface materials that can last 65%
longer than traditional asphalt.

The Organization for Economic Cooperation and Development (OECD) has identified five
types of circular business models (Ekins et al., 2019):
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•

Circular supply models.

•

Resource recovery models.

•

Product life extension.

•

Sharing models.

•

Product-Service System (PSS) models.

Circular economy business models reduce waste by introducing products that last longer
through designs that feature good quality materials and multiple cycles of disassembly and
reuse (Fournier, 2020). By adopting circular business models, companies can create new
job opportunities in the fields of reverse logistics, new marketing platforms and product
remanufacturing and refurbishment systems (EMAF, 2015).
2.5 Case Studies

Remanufacturing is one of the tools of circular economy. Other tools include
sharing, maintenance and repair, and reuse (PwC, 2018). While other tools can be acted
upon by the customers or third-party agents, remanufacturing requires the attention and
involvement of the original product manufacturer. As the raw materials and energy
requirements of manufacturing operations increase to meet higher global demands, more
manufacturers are considering investments in remanufacturing as a competitive strategy to
safeguard against the risk of unexpected shortage or price increases, and to satisfy market
demands with as-new quality products at a lower costs. In order to explore the success
factors, challenges and opportunities of pursuing product recovery and remanufacturing,
some case studies of business practice are presented and discussed.
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Table 2.3: The ReSOLVE framework for the transition to circular economy (McKinsey,
2016).
Action

Description

Regenerate

Use renewable energy and materials, protect the ecosystem, and
return biological resources to the biosphere.

Share

Share privately owned products and encourage public sharing of
products.

Optimize

Improve performance of products and systems, optimize supply chain
design, and use new technologies like big data, automation, and
remote sensing.

Loop

Design closed loop systems, remanufacture products and recycle
materials

Virtualize

Dematerialize products (books and music) and services (virtual
offices) whenever possible

Exchange

Improve product and system design by using better materials and
technology alternatives.

2.5.1 Renault
Renault, a leading automotive manufacturer, operates a remanufacturing plant in
Choisy-le-Roi near Paris, France that produces parts like engines, gearboxes and injection
systems (Renault, 2017). The remanufactured parts are sold for replacement and therefore
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the life of the vehicle is extended while reducing the ecological footprint of operating the
vehicle. Third-party remanufacturers collect, remanufacture and sell automotive parts with
shorter performance guarantee compared to new parts from the original manufacturers.
Remanufactured automotive part market in the US is estimated at $ 7 billion (IBISWorld,
2020). In Europe, the automotive remanufacturing market size is etween 8 and 10 billion
Euros (Ellen MacArthur Foundation, 2012).
Renault’s remanufacturing strategy is an example of how circular economy
initiatives can reduce water, energy and raw materials consumption while providing
economic and social competitive advantages. Renault plant in Choisy-le-Roi uses 80% less
energy, 88% less water and 92% less chemical products (Ellen MacArthur Foundation,
2012). By offering parts to customers through direct exchange, Renault increases its sales
of parts while strengthening customer relationship and loyalty (Ellen MacArthur
Foundation, 2012). The remanufactured parts are 30 to 50% cheaper making them more
attractive to the customers (Scott, 2020).
In order to secure the used parts, Renault has established Indra, a subsidiary of
Renault Environment, to collect and handle end-of-life vehicles (Renault, 2017). Indra
works with a network of 339 demolishers and handles approximately 330,000 end-of-life
vehicles every year.
In November 2020, Renault announced the launch of its Re-Factory in Flins, the
first factory in Europe to be dedicated to circular economy in the automotive industry
(Renault, 2020). The new Re-Factory, which will host the activities of the Choisy-le-Roi
plant as well as other innovative initiatives, is planned to be completed between 2021 and
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2024. The planned facility will process more than 45,000 used vehicles and re-introduce
them to the market.
2.5.2 Caterpillar
Caterpillar has been active in the field of remanufacturing heavy-duty engines since
1972 (Stahel, 1995). The line of remanufactured products has grown over the years and
currently includes 7,600 products and parts that can be ordered off-the-shelf as replacement
parts (Caterpillar, 2020). The remanufactured parts are sold with the same as-new
performance guarantee at a price that is on average 40% less than the price of new parts.
The company remanufacturing activities are carried out by Cat Reman in 13
remanufacturing locations in five countries (Caterpillar, 2020). The company uses core
exchange as a way to acquire used products from customers and motivate them to buy
remanufactured products and parts.
The process is very labor intensive as it requires full disassembly and inspection of the
returned products. Caterpillar invests heavily in new innovative techniques to make the
remanufacturing process more efficient. For example, the company has developed an
engine block with a removable sleeve in the cylinder bore (Ellen MacArthur Foundation,
2020). This design eliminates the need for re-boring the engine and placing a larger
cylinder piston. Instead, the sleeve can be removed and replaced with a new one to restore
original performance of new engines. Moreover, additive manufacturing can be used to
respray cylinder bores and other surfaces to bring them back to original product
specifications (Ellen MacArthur Foundation, 2020). Caterpillar is also investing in digital
technology to track and monitor the condition of products in the field to decide the optimal
time and planning for remanufacturing. Caterpillar is collaborating with the University of
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Birmingham to develop robotic disassembly systems that support autonomous
remanufacturing (Pham, 2020).

2.6 Decision-Making Frameworks

Decision-making for Industry 4.0 implementation in remanufacturing is widely
seen as a business process that takes into account the relevant financial, environmental and
social circumstances surrounding different industries and organizations. For example, a
framework of Industry 4.0 utilization in waste collection and conversion was proposed for
manufacturing in Singapore (Kerdlap et al., 2019). The framework is focused on
government efforts to minimize waste generated from multiple industries through waste
measurement, collection, and conversion technologies. However, manufacturer
involvement in waste reduction is a more effective approach as it leads to higher value
recovery from end-of-life products. Another framework focused on data-driven
remanufacturing of rechargeable energy storage systems (Okorie et al., 2018). The
framework doesn’t consider the novel approach of integrated manufacturingremanufacturing operations. Moreover, the framework scope doesn’t include the use of
Industry 4.0 technologies to streamline the decision-making process. A remanufacturing
system with reverse logistics was studied using simulation modeling for a refrigerator
manufactur-er in India (Dev et al., 2020). The model considers a partial Industry 4.0
implementation and it doesn’t provide a framework for a wide implementation scope which
can result in greater benefits. A summary of representative papers on decision-making for
remanufacturing and associated logistics systems is given in Table 2.4. The framework
proposed in this research is illustrated in Fig. 2.8.
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Table 2.4: Literature on decision-making for remanufacturing and reverse logistics.
Reference

Objective

Approach

Scope

Prakash and Barua
(2015)

Ranking solutions to AHP and
overcome barriers
TOPSIS

Reverse Logistics

Sirisawat and
Kiatcharoenpol
(2018)

Ranking solutions to Fuzzy AHP and
overcome barriers
TOPSIS

Reverse Logistics

Tosarkani and
Amin (2018)

Selection of thirdparty provider

Fuzzy ANP and
Optimization

Reverse Logistics

Senthil et al. (2018)

Risk prioritization

AHP, TOPSIS
and
PROMETHEE

Reverse Logistics

Galvez et al. (2015)

Selection of network AHP and
facility locations
Optimization

Reverse Logistics

Agrawal et al.
(2016)

Disposition
alternatives
selection

Graph Theory
and Matrix
Approach

Reverse Logistics

Roy et al. (2019)

Remanufacturability
assessment

Fuzzy MCDM
method

Materials, Design and
Manufacturing

Ansari et al. (2020)

Ranking solutions to Fuzzy
mitigate risks
SWARMA and
COPRAS

Manufacturingremanufacturing
system

Dev et al. (2020)

Environmental and
economic analysis

Simulation

Remanufacturing and
reverse logistics

Zhang and Chen
(2021)

Production and
financial planning

Mathematical
Optimization

Manufacturingremanufacturing
system

Aminipour et al.
(2021)

Production schedule
optimization

Mathematical
Optimization

Manufacturingremanufacturing
system
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Industry 4.0
Capabilities
Process and
information
flow

Industry 4.0
Implementation
Framework

Part 1
(Chapter 3)

Work
procedures
and task
descriptions
Comprehensive Industry 4.0
Scope of Implementation

Product,
` Materials and
Processes
Supply and
Distribution
Structure

Conceptual
Decision-making
Framework

Part 2
(Chapter 4)

Network Configuration
and Industry 4.0 level

Product and
Process Data
Technology
Data

Mathematical
Optimization
Model

Technology
Selection

Part 3
(Chapter 5)

Production
Quantities

Fig. 2.8: The structure of the proposed decision-making framework.
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The proposed framework in this research provides an approach to explore Industry
4.0 potentials in a closed-loop manufacturing-remanufacturing system. The structure of the
framework (as illustrated in Fig 2.8) consists of three parts. The framework promotes better
transition to remanufacturing practice because it
•

emphasizes manufacturer involvement in the entire product life cycle,

•

maximizes value recovery by redirecting used products into the original manufacturing
system, and

•

considers a comprehensive application of Industry 4.0 technologies.
The remaining of this research will address the details of the decision-making

framework. The framework considers the product recovery and remanufacturing system in
the context of circular economy and Industry 4.0 technologies. In particular, the case of a
family of products with modular structure is addressed. An AHP-based conceptual
framework (Chapter 4) will be proposed to address the qualitative facet of strategic network
configuration-related decisions and technology implementation level. This multi-criteria
decision-making approach is complemented by a mathematical optimization model
(Chapter 5) and an Industry 4.0 implementation framework (Chapter 3).
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Chapter 3
Industry 4.0 Implementation Framework

Literature on the implementation of Industry 4.0 in product recovery and
remanufacturing is scarce. Industry 4.0 is a major enabler of circular factories that rely
heavily on data and materials flow from the forward and reverse logistics streams in the
closed loop system. An Industry 4.0 process framework for manufacturingremanufacturing closed-loop systems is proposed to highlight the potential benefits of
Industry 4.0 in these systems. The proposed process framework can be used as an input to
the decision-making framework covered later in the thesis.
3.1 Industry 4.0 Technologies and Structure
Industry 4.0, a term referring to the fourth industrial revolution, was launched in
Germany in 2011 (Xu and Duan, 2019). It represents a megatrend in the manufacturing
industry today. Unlike the previous industrial revolutions that were triggered by a specific
technological invention, Industry 4.0 encompasses a number of technological
advancements that allowed autonomous management and operation of complex systems.
The main technologies of Industry 4.0 include (Butzer et al., 2016):
•

Cyber-Physical Systems (CPS)

•

Internet of Things (IoT)
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•

Augmented Reality

•

Big Data

•

Radio Frequency Identification (RFID)
Other technologies such as sensitive robotics, data mining, horizontal and vertical

integration can also be parts of Industry 4.0 as mentioned in the literature (Butzer et al.,
2016). Industry 4.0 can also be attributed to eight technological advancements (Salkin et
al., 2018)
•

adaptive robotics,

•

data analytics and artificial intelligence (big data analytics),

•

simulation,

•

embedded systems,

•

communication and networking such as Industrial Internet,

•

cloud systems,

•

additive manufacturing and

•

virtualization technologies.
The different ways of listing the technologies behind Industry 4.0 originate from

the expanding foundations of Industry 4.0 and the way the elements of this foundation are
defined and grouped. For example, virtualization technologies can be described as virtual
reality (VR) and augmented reality (AR) components (Salkin et al., 2018). As a general
remark, the Industry 4.0 technologies are rapidly evolving with a sense of urgency in the
communication and networking sectors. Some details of basic technologies are provided
to serve as a foundation for the proposed Industry 4.0 process framework for product
recovery and remanufacturing.
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The cyber-physical systems are also referred as embedded systems (Salkin et al.,
2018). Cyber-physical systems (CPS) are defined as technologies that manage
interconnected systems of physical assets and computational capabilities (Lee et al., 2015).
The basic architecture of CPS is illustrated in Fig. 3.1 (Sanislav et al., 2017).

Fig. 3.1: The basic architecture of cyber-physical systems (Sanislav et al., 2017).

The Internet of Things (IoT) is a network of machines or things that are “capable
of communicating autonomously with each other along the value chain activities by
creating huge amounts of data available for further analysis” (Karacay and Aydın, 2018).
Each machine or thing in the IoT has its cyber-physical system as shown in Fig. 3.2
(Bagheri and Lee, 2015). The IoT structure can be divided into three layers: the frontend
layer, the connectivity layer and the backend layer as shown in Fig. 3.3 (Karacay and
Aydın, 2018). The frontend layer includes the physical assets and embedded hardware and
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software. The connectivity layer transmits the data from the frontend layer to the backend
layer and transmits commands from the backend layer to the frontend layer. The backend
layer contains the storage and computing hardware and software to perform big data
analytics. Because of the massive transformations that take place between the physical
assets in the frontend layer and the digital format in the backend layer, Industry 4.0 is
characterized as the “digitalization” revolution in industry. The cyber-physical systems and
their interconnections for circular economy manufacturing systems are illustrated in Fig.
3.4. Some of Industry 4.0 technologies that can be implemented are also shown.

Fig. 3.2: Cyber-physical systems (CPS) and Internet of Things (IoT) (Bagheri and Lee,
2015).
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Fig. 3.3: IoT three layers (Karacay and Aydın, 2018).

Fig. 3.4: Cyber-physical systems for circular economy manufacturing systems.
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3.2 Industry 4.0 Roadmap and Levels of Implementation
The wide range of technologies that can be adopted in an Industry 4.0-based
manufacturing system implies that Industry 4.0 offers highly customized and modular
solutions that suit different organization needs and circumstances. A roadmap to Industry
4.0 implementation was proposed by Sarvari et al (2018) as shown in Fig. 3.5.
A study published by Deloitte’s Research Center for Energy and Industrials Group
(Wellener et al., 2019) have identified three levels of smart factory adoption among
manufacturing companies: trailblazers, explorers and followers. High level adoption
includes the transformation of complete facilities and supply chains. Medium level
adoption of Industry 4.0 is the transformation of selected physical assets. Low level
adoption is limited to proven technologies. For Industry 4.0 application in product recovery
and remanufacturing, the levels can be defined as shown in Table 3.1.
Table 3.1: Levels of Industry 4.0 implementation in product recovery and
remanufacturing.
Level

Description

High

Adoption of Industry 4.0 in the integrated manufacturingremanufacturing plant and all other facilities in the closed loop system

Medium

Adoption of Industry 4.0 in the integrated manufacturingremanufacturing plant and selected facilities in the closed loop system

Low

Adoption of Industry 4.0 in the integrated manufacturingremanufacturing plant only
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Fig. 3.5: Proposed roadmap for Industry 4.0 implementation (Sarvari et al., 2018).
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3.3 Industry 4.0 Implementation Framework for Circular Economy Manufacturing
Systems

Unlike conventional linear manufacturing system models, the circular economy
manufacturing system model relies on data and materials flow from the forward and
backward ends of the supply chain. Among the important parameters to be communicated
are the quality, quantity and timing of returns. In the linear forward flow, the uncertainty
in data is far less because the manufacturing operations use new materials and parts with
specified quality, quantity and delivery schedules from suppliers. The flow of materials
and information is illustrated in Fig. 3.6 and 3.7 for a linear manufacturing system model
and a circular economy manufacturing system model. The current trend of mobile and
tablet apps that enable owners of consumer equipment to monitor and control their products
can also be used as a tool to coordinate ideal return timing.

Fig. 3.6: Industry 4.0-enabled Linear Manufacturing System Framework.
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Fig. 3.7: Industry 4.0-enabled Circular Economy Manufacturing System Framework.
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The scope of implementation at each stage in the frontend layer can be further elaborated
as
Customers
•

The product is used by the customers and use patterns data is transmitted to the
manufacturer’s data center and cloud condition monitoring software.

•

The customer (under a service agreement) calls the assigned service agent for
maintenance tasks.

•

At a certain point in the life cycle (based on data collected and analysed), the
product is collected, and a discounted remanufactured product is delivered to
the customer with the same warranty and service terms as new products.

•

The customer receives alerts about the condition of the product and instructions
to take appropriate actions to prevent the premature aging of the product

Collection
•

The product is received from the customers and scanned to retrieve the
condition reports. An estimate of remaining life and value is generated.

•

A financial discount is credited to the customer towards the purchase of a
remanufactured product.

•

Data are shared with the inspection and disassembly facility, part suppliers,
remanufacturing facility for process planning.

•

Visual inspection of the product is performed and included in the data platform.

•

Continuous feedback is sent to machine learning algorithms to forecast the
quantity and quality of returns in the short, medium and long range.
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Inspection and Disassembly
•

Before the returned products arrive at the inspection and disassembly facility,
the quantity and condition of the products are transmitted, process planning,
and timing of delivery are autonomously created. (This leads to cost saving by
reducing labor and planning efforts while increasing efficiency)

•

The returned product is inspected using non-destructive testing methods
following instructions based on the big data analytics from the cloud
computing.

•

Robotic disassembly is used with the aid of feedback from the pre-disassembly
inspection results.

•

Continuous feedback during inspection and disassembly is used to guide the
operation and improve future autonomous planning (AI, Big Data, Cognitive
Robotics).

•

Robotic disassembly of returned products.

•

Robotic sorting and storage of modules.

•

Difficulties in inspection and disassembly are investigated using big data
analytics.

•

Feedback is communicated to the product development team to improve the
design for ease of inspection and disassembly

Remanufacturing of modules
•

The module is assessed and tested to determine whether it can be sent for
remanufacturing.
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•

The factors examined include the age of the module, use history, repair and
maintenance history and results from tests specified for the components.

•

Machine learning is used to forecast future quantity of remanufacturable
modules.

•

Continuous feedback of the assessment results is communicated to the
appropriate module remanufacturing units for process planning.

•

Continuous feedback is also shared with the manufacturing-remanufacturing
facility to plan the production of new and remanufacture products.

•

Feedback from the remanufacturing process is communicated to the product
development team to improve the module design for ease of remanufacturing.

Refurbishing
•

If the module doesn’t meet the specified remanufacturing criteria, it is
considered for refurbishing.

•

Continuous feedback of the assessment results is communicated to the
appropriate refurbishing units for process planning.

•

Feedback from the refurbishing process is communicated to the product
development team to improve the module design for ease of refurbishing

Recycling
•

If the module is found inappropriate for remanufacturing or refurbishing, it is
sent to recycling for materials recovery.

•

Potential uses of the recovered materials are identified.
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Disposal
•

If the module is found inappropriate for remanufacturing, refurbishing, or
recycling it is sent to disposal.

•

Machine learning is used to identify parts disposal patterns.

•

The design factors contributing to disposal of parts are investigated to reduce
disposal rate in future product design.

•

Further testing is conducted to investigate the environmental and use
parameters that contributed to the module deterioration.

Suppliers
•

The module inspection data are communicated to the suppliers to plan the
production of new modules.

•

Supplier instructions to remanufacture and refurbish the modules are updated
based on feedback received from the remanufacturing and refurbishing
processes

Manufacturing-remanufacturing plant
•

The optimal product mix is determined based on real-time data feedback from
the inspection and disassembly facilities.

•

The schedule of delivery of new and remanufactured modules is produced and a
production plan is generated.

•

Based on the production plan, robotic operations, testing, materials handling
systems, and other production resources are deployed and managed using cloud
ERP systems.
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Distribution dealers
•

Delivery schedule of new and remanufactured products is generated and shared
with the distribution dealers.

•

Data from distribution dealers is used to forecast future market demands using
machine learning algorithms.

•

Post-sale customer relationship is established and managed to ensure customer
retention and higher collection rates.
Forecasting is one of the key areas that can benefit from Industry 4.0 technologies.

The data collected using embedded sensors can be used to predict the remaining life, the
quality, and the associated inspection and processing costs for each module of the product.
Using the predictions obtained using sensor collected data and the actual data collected at
the disassembly, inspection and processing operations, the forecasting models can be
improved to reduce the forecasting errors. After-sale service can also be used as a source
of data collection while increasing customer satisfaction. Service history reveals defective
modules and can include additional inspection information needed to have better prediction
of the product condition. Moreover, customer service agents, based on their interaction
with the customers, can provide historical data about their area’s quantity and timing of
returns. The data collected from all different sources are analyzed using big data analytics,
machine learning, data mining and artificial intelligence (AI) and computing techniques to
identify trends, patterns and correlations and predict the optimal timing of return and cost
of processing.
Furthermore, the initial assessment, disassembly and inspection stages, after the
product is received from the customer, can be used to collect more data about the product
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condition to verify and improve the accuracy of the predicted condition based on the
forecasting models. Feedback from inspection, disassembly and processing operations
about the cost, required tasks and systems is then continuously collected. This feedback is
correlated with other data to identify significant parameters that affect the value recovery
process for each module. It can also be used for continuous improvement of the forecasting
models. The estimated cost and process parameters for the returned products and modules
are used as input data for the optimization models to develop process plans and implement
system upgrades.
3.4 Summary
In this chapter, the framework for the implementation of Industry 4.0 technologies
was explained and illustrated. The outcome of the framework can be used for subsequent
qualitative and quantitative analysis (Chapter 4 and 5). The extent of actual implementation
and the range of selected technologies can be determined using multi-criteria decisionmaking as well as mathematical optimization. The outcome of this chapter provides a
comprehensive system-wide implementation portfolio that can be used for long-term
planning and continuous performance improvement.
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Chapter 4
Conceptual Decision-Making Framework

4.1 Introduction
Remanufacturing of end-of-life products is one of the most preferred disposition
alternatives to address environmental and economic concerns due to scarcity of raw
materials resources, increasing water and energy consumption and limited landfill sites. In
this chapter, a decision-making framework is proposed to address the strategic decisions
of manufacturing-remanufacturing closed loop systems.

The AHP-based conceptual

framework can be used to help the decision makers in developing a sustainable product
recovery and remanufacturing system. The framework takes into consideration the product
complexity and other characteristics as well as the supply chain network structure. The
model considers the concerns of a manufacturer who offers a variety of complex modular
products in an Industry 4.0 implementation context. A case study from the washing
machine industry sector is used to illustrate the application of the proposed decisionmaking framework. The outcome of the proposed framework can be used as a basis for
further quantitative analysis and process improvement.
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4.2 Importance of Manufacturer Involvement
In light of the extended capacities enabled by Industry 4.0 and modern
manufacturing systems such as flexible manufacturing systems (FMS), reconfigurable
manufacturing systems (RMS) and Internet of Things (IoT) systems, this study considers
an integrated plant in which manufacturing and remanufacturing activities are executed.
The saved cost of establishing separate remanufacturing facilities with all the necessary
support systems is a very important incentive for manufacturers to handle remanufacturing
of returned products. Any extra cost incurred in implementing remanufacturing initiatives
will eventually add to the price paid by customers making the remanufactured products
less attractive and reducing their acceptance level in the market.
Remanufacturing returned products by third-party remanufacturers is not the ideal
approach because they lack the marketing capability of the original manufacturer as well
as the ability to coordinate with distribution dealers and parts suppliers. Moreover, thirdparty remanufacturers would have separate reverse logistics networks making it difficult
to benefit from the existing forward logistics infrastructure and communications systems.
Table 4.1 presents a summary of the differences between remanufacturing by original
manufacturers and third-party remanufacturers.
Therefore, for effective remanufacturing and better circular economy results,
original manufacturers are encouraged to redesign their product life cycle management to
reap economic, environmental and competitive benefits. Many global manufacturers have
started planning for remanufacturing their products. The proposed multi-criteria decisionmaking framework can be used as a tool to identify the optimal alternatives for the network
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configuration decisions of the manufacturing-remanufacturing closed-loop system. The
framework also considers the level of Industry 4.0 implementation across the network.

Table 4.1: Comparison between the product manufacturer and third-party
remanufacturers with respect to remanufacturing operations.
Manufacturers

Third-party remanufacturers

Better knowledge of their specific
product

General knowledge of many products

Strong relationship with suppliers

Less collaboration with suppliers

Relationship with distribution dealers

Lack of marketing and distribution channels

Control on marketing and brand
management

Less influence on customers’ behaviour

Strong control over pricing decisions

Difficulty competing with the manufacturer

Access to product history and failure

More difficult to diagnose and plan
processes

Control of future product variants

No control over product variants

Full knowledge of manufacturing
processes

Partial knowledge of manufacturing
processes

4.3 AHP-based Decision-Making Framework for MRCLS Configuration
This section provides a proposed flexible and customizable AHP- based decisionmaking framework for strategic planning of product recovery and remanufacturing. The
application of the framework is illustrated for the case of household washing machines.
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First, an overview of the AHP method is presented followed by definitions of framework
decisions, alternatives, phases, and sub-criteria.
4.3.1 The Analytical Hierarchy Process (AHP) Method
The analytical hierarchy process (AHP) method developed by Saaty (1990 and
2016) is used in the decision-making framework because it allows the decision makers to
impartially consider a set of sub-criteria and alternatives and convert subjective judgements
into objective rankings of alternatives. To formulate the process, the goal, criteria, subcriteria and alternatives are arranged in hierarchical interconnected levels. The sub-criteria
and alternatives are pairwise compared to determine their priorities and calculate
alternative rankings. The comparisons are made using the fundamental scale given in Table
4.2.
Table 4.2: The fundamental AHP pairwise comparison scale.

Numerical value

Explanation

1

Equally important

3

Moderate importance

5

Strong importance

7

Very strong importance

9

Extreme importance

2,4,6,8

Intermediate values
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Once the pairwise comparison matrices are formed, the consistency index (CI) of each n
x n matrix is computed as
CI = (λ max – n) / (n – 1)

(4.1)

where λ max is the largest eigenvalue of the comparison matrix.
The consistency of judgements is measured by calculating the consistency ratio (CR)
given by
CR = CI/RI

(4.2)

where RI is the random consistency index corresponding to the comparison matrix size as
shown in Table 4.3 (Saaty, 2016).

Table 4.3: Random consistency index (RI).

Size

1

2

3

4

5

6

7

8

9

10

RI

0

0

0.52

0.89

1.11

1.25

1.35

1.40

1.45

1.49

If the value of CR is sufficiently small (about 10% or less), the consistency of the
judgements is considered acceptable. The priority vector w for a pairwise comparison
matrix A is found by solving the equation
Aw = λ max w

(4.3)
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The overall rank of each alternative is then calculated by multiplying each alternative’s
local priority by the priority of the corresponding sub-criterion and summing up the
adjusted alternative’s priorities.
4.3.2

Configuration Decisions and Alternatives of the Decision-Making
Framework

While it is a preferred option for the original manufacturer to handle all processes in
the manufacturing closed-loop system, it is usually necessary to delegate some of the tasks
to other shareholders because of economic and cost saving reasons as well as better
capability of those stakeholders to handle certain tasks such as collection and
inspection. The optimum configuration of the MRCLS depends on several criteria. The
preferred options may not always be feasible. The MRCLS configuration needs to address
four main issues:
1- Collection
2- Inspection, Sorting and Disassembly
3- Processing
4- Industry 4.0 systems level
The decision-making process can be divided into a set of decisions made to manage the
issues mentioned above. The decisions should provide the answers to the following
questions
1- Who should perform the collection of returned products?
2- Who should inspect, sort and disassemble the returned products?
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3- Who should process the returned products (remanufacturing, refurbishing and
recycling options)?
4- What level of Industry 4.0 should be used?
The four configuration decisions and their corresponding alternatives are shown in Table
4.4.
In this framework, two phases of decision-making are identified. The two phases
are interrelated but distinct. The first phase is concerned with product and materials
characteristics and manufacturing processes. This phase is more likely to be managed more
closely by the original manufacturer. The second phase consists of the supply and
distribution of the product and its parts and modules. This phase involves a higher level of
coordination and collaboration among the manufacturer and other stakeholders.

Table 4.4: The four decisions and their corresponding alternatives.
Decision

Description

Alternatives

Decision 1: Collection

Who should perform the
collection and initial
assessment?

A1: The distribution dealer
A2: The manufacturer
A3: Third party collectors

Decision 2: Inspection,
sorting and
disassembly

Who should perform the
inspection, sorting and
disassembly?

A1: The manufacturer
A2: The distribution dealer
A3: Third party agent

Decision 3: Processing

Who should process the
returned parts?

A1: The manufacturer
A2: The supplier
A3: Third party agent

Decision 4:
Level of Industry 4.0

What level of Industry 4.0
should be used?

A1: Low
A2: Medium
A3: High
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The phases are also likely to be assessed and investigated by two different teams of
decision makers: one team is more knowledgeable in product design and manufacturing
and the other team is more knowledgeable in other areas such as logistics, marketing
and procurement. However, cross-functional exchange between the two teams would be
required during the two phases.
Decisions made in the product design rely on satisfying customer requirements
within certain constraints such as materials and other resources. The framework proposed
takes into account both the product/manufacturing system design and the supporting
logistics system.
When it comes to product design and manufacturing processes considered in the
first phase, there are many ways that the decisions made in this phase can affect the overall
remanufacturing and product recovery performance. For example, electronic products tend
to fail unpredictably and therefore represent a challenge to remanufacture. Instead,
manufacturers can disassemble and recycle the parts in the returned products. Because of
their small materials content and relatively low cost of manufacturing, the economic,
environmental and social advantages of remanufacturing are also limited compared to
products with large materials content and high cost of manufacturing.
The decision-making process involves multi-criteria making the AHP approach
suitable to assess the alternatives described. The criteria and the framework can be
customized to suit different situations by adding or removing some of the criteria and/or
alternatives.
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For each one of the above defined decision alternatives, an AHP ranking can be
established to determine the optimum alternative. The overall network configuration would
be composed of the set of optimum alternatives determined. The proposed conceptual
framework in this research has two main novel elements
1- The methodology provides a conceptual basis for making a more informed and robust
decisions to deal with the complexity involved in the diverse manufacturing sector.
2- The main objective is to formulate a strategy to embrace remanufacturing as the
preferred disposition alternative from the perspectives of Industry 4.0 and circular
economy paradigms.
4.3.3

Sub-criteria of the Proposed Decision-Making Framework
The proposed framework consists of three phases that require input from different

internal and external stakeholders. The first phase is concerned with the product design,
materials requirements and process requirements (PMP) and how they relate to the ease of
recovery and remanufacturing feasibility as opposed to other disposition alternatives. In
this phase a set of PRR alternatives is compared from the perspective of the PMP criteria.
The second phase consists of examining current supply and distribution structure (SDS)
and how they can be used to determine the preferred PRR alternatives. In the third phase,
a closed loop supply chain is configured to fulfill the objective of effective and sustainable
waste minimization through appropriate disposition of recovered products.
4.3.4

Phase I: Product, Materials and Process (PMP) Assessment
In this phase, a comprehensive assessment of the product, materials and processes

is conducted to identify opportunities and limitations from product recovery perspective.
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The outcome of this assessment will assist in determining the optimal product recovery
acquisition and disposition practices. For this purpose, a set of PRR system decisions is
examined to determine the ranking of alternatives corresponding to each decision.
A simple example is the plastic water bottle which has a simple design and is made
of a single material (plastic). The manufacturing process is relatively inexpensive, and the
bottle thickness is usually designed for a single use. In this case, remanufacturing may not
be the ideal disposition alternative. Instead, material recycling is the only disposition
channel as other disposition channels such as repair and reuse are not applicable. Therefore,
collection of used bottles can be left for third-party collectors. Considering that resources
used in the manufacturing of these bottles are not recovered, manufacturers can develop a
product recovery scheme that put the recovered bottles into a well-defined production
stream. Similarly, other decisions related to recovery and processing can be examined.
As the complexity of the product and the resources consumed in its design and
manufacturing increase, remanufacturing becomes a more attractive alternative. The
framework can help decision makers in identifying the areas that need improvement to
increase the remanufactured portion of returned products. Some of the sub-criteria that
need to be included in the assessment are
•

Complexity

Increasing product complexity tends to increase the potential benefits of PRR
practices. It can also induce some technical and financial challenges regarding how the
product can be acquired, inspected, disassembled, processed and remanufactured.
Complexity increases with higher number of parts, product variety and manufacturing
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system responsiveness (ElMaraghy et al., 2012). The complexity sub-criterion affects the
collection, inspection, sorting, disassembly, processing and the level of Industry 4.0
deployed.
•

Price

The price of the product represents a measure of its perceived value in terms of
customer willingness to pay and the product durability, quality and functionality. The price
directly affects the manufacturers’ decisions to directly handle or delegate different PRR
tasks. Price can affect all MRCLS configuration decisions.
•

Size

The size of the product reflects its materials content and geometric dimensions. It
affects the cost of product handling and transportation. Bulky products make
remanufacturing a more preferred option and initiate interests in more manufacturer’s
involvement in the PRR activities. Size can affect collection, inspection, sorting,
disassembly, processing and Industry 4.0 level decisions.
•

Technology

The level of technology in product design and manufacturing systems can be used
to determine the level of Industry 4.0 to be used in the PRR system. It refers also to the
electronic content in the product. Products with fast-changing technologies are more
challenging to be remanufactured because of the product value depreciate quickly with
time. The technology level can affect all MRCLS configuration decisions.
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•

Volume

The expected volume of demand and returned products can be used to determine
the level of investment at different PRR stages. Lower volumes will likely lead to decisions
that have lower cost of implementation. The volume can affect decision-making in all
configuration decisions.
If the product consists of several components as in the case of modular products,
each component should be assessed separately. High levels of complexity, as in the case of
automotive industry, may dictate breaking down the product into parts or modules that can
be economically and practically managed for optimal product recovery. Product, materials
and process related barriers to remanufacturing can also be identified in this phase and
future improvement measures to overcome them can be explored.
4.3.5

Phase II: Supply and Distribution Structure
Successful product PRR systems depends heavily on the supply chain structure and

the willingness of the supply chain parties to collaborate and work together. In this phase,
the supply and distribution structure is examined to determine how reverse logistics
activities can be efficiently integrated to streamline product acquisition, collection,
inspection and disposition processes. The nature of the relationship between customers,
manufacturers, suppliers and distributers has an important role in determining the
feasibility and extent of product remanufacturing. A high level of value recovery and
remanufacturing requires a strong relationship between all supply chain parties. It also
depends on the available supply infrastructure such as warehousing and inventory control
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systems. Some of the supply chain system sub-criteria that need to be included in
comparing the feasibility of alternatives in the decision-making process are
•

Manufacturer-supplier relationship

This sub-criterion refers to the level of collaboration between the manufacturer and
the suppliers of parts and modules. A stronger manufacturer-supplier relationship increases
the feasibility of supplier-managed processing of modules recovered from returned
products. This sub-criterion affects processing and Industry 4.0 level in the decisionmaking framework.
•

Manufacturer-dealer relationship

Distribution dealer’s involvement is very crucial in product collection from
customers. The decision-making process requires the level of manufacturer-dealer
coordination as an input to compare the feasibility of alternatives in the network
configuration. The decisions affected are collection, inspection, sorting, disassembly and
Industry 4.0 level.
•

After-sales services

Products that are serviced and maintained by the manufacturer or its agents are
more to be remanufactured. Therefore, the level of after-sales service is one of the subcriteria needed to compare alternatives. It can affect collection, inspection, sorting,
disassembly and processing decisions.
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•

Markets

The types of markets in which the products are sold and used can affect the demands
for remanufactured products, the quality of the returned products and relationship with
customers after sale. It can affect collection, inspection, sorting and disassembly decisions.
•

Geographic location of facilities

The cost of transporting the returned products can be a deterring factor in the PRR
activities if the distances travelled are very long. The transportation carbon footprint
depends also on the geographic locations of facilities. Higher carbon footprint reduces the
PRR environmental benefits. This sub-criterion can affect all configuration decisions.
A summary of the sub-criteria in Phase I and II and the MRCLS configuration decisions
they affect are given in Table 4.5 and 4.6.
4.3.6

Phase III: Closed Loop Supply Chain Configuration
In this phase, the PRR processes are integrated into the supply chain system to form

a manufacturing-remanufacturing closed loop system (MRCLS) that takes into
consideration the highest-ranking alternatives for the four configuration decisions
considered in the previous two phases. In addition to the decisions considered in the
previous phases, the following decisions are to be considered in this phase
•

The detailed role of the module suppliers in inspection and disposition of
returned modules

•

The role of the distribution dealers in product acquisition

•

The role of the manufacturer in coordinating and integrating the various
processes.
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The developed closed loop supply chain can then be optimized based on
appropriately defined objectives and constraints. Sensitivity analysis is used to identify the
critical parameters that affect the performance of the system. The results are used as a
feedback to identify areas of further improvement. The proposed framework flow chart is
illustrated in Fig. 4.1.
Table 4.5: Phase I sub-criteria and the affected MRCLS configuration decisions.
Criteria

Sub-criteria

Description

Decisions affected

PMP1Complexity

The complexity aspects
include number of parts,
variety, geometry,
manufacturing speed and
flexibility (ElMaraghy et al.,
2012)

Collection
Inspection, sorting and
disassembly
Processing
Industry 4.0 level

PMP2Price

The product market value and
reflects customer’s
willingness to pay and
durability, quality and
functionality

Collection
Inspection, sorting and
disassembly
Processing
Industry 4.0 level

PMP3Size

Materials content and
geometric dimensions

Collection
Inspection, sorting and
disassembly
Processing

PMP-4
Technology

Technological features,
software and electronic
contents and production
system

Collection
Inspection, sorting and
disassembly
Processing
Industry 4.0 level

PMP-5
Volume

The volume of market
demand and returned products

Collection
Inspection, sorting and
disassembly
Processing
Industry 4.0 level

Phase I
Product,
Materials
and
Processes
(PMP)
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Table 4.6: Phase II sub-criteria and the affected MRCLS configuration decisions.
Criteria

Sub-criteria

Description

Decisions affected

SDS-1
Manufacture
/supplier
relationship

Level of collaboration and
coordination between the
manufacturer and the parts
and modules suppliers

Processing
Industry 4.0 level

Phase II

SDS-2
Manufacture
/dealer
relationship

Level of collaboration and
coordination between the
manufacturer and the
distribution dealers

Collection
Inspection, sorting and
disassembly
Industry 4.0 level

Supply and
Distribution
Structure
(SDS)

SDS-3
After-sales
services

The technical support,
information, maintenance
and repair service provided
to customers after sales

Collection
Inspection, sorting and
disassembly
Processing

SDS-4
Markets

Types of markets in which
the products are sold and
used.

Collection
Inspection, sorting and
disassembly

SDS-5
Geographic
location of
facilities

The geographic distribution
of suppliers, manufacturing,
warehousing and
distribution facilities in the
forward logistics system

Collection
Inspection, sorting and
disassembly
Processing
Industry 4.0 level

The proposed framework is particularly suitable for manufactured products that
involve a series of manufacturing and assembly processes where remanufacturing
represents an attractive value recovery option like home appliances. It can also be used for
other manufactured products to explore ways to increase the remanufactured portion of the
returned products.
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Product, Processes and
Materials
•
•
•
•
•

Complexity
Price
Size
Technology
Volume

Supply and Distribution
Structure
•
•
•
•
•

Manufacturer-supplier
relationship
Manufacturer-dealer
relationship
After-sales services
Markets
Geographic locations

Circular System
Configuration and
Industry 4.0
Implementation

Data collection and
analytics and
performance
measurement

Fig. 4.1: The proposed framework flow chart.
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Decision 1

Decision 2

Decision 3

Decision 4

Decision 5

Decision 1
Collection

Phase I
Product, Materials
and Processes (PMP)

Phase II
Supply and Distribution Structure
(SDS)

Sub-criteria
PMP-1: Complexity
PMP-2: Price
PMP-3: Size
PMP-4: Technology
PMP-5: Volume

Sub-criteria
SDS-2: Manufacturer/Dealer
relationship
SDS-3: After-sales services
SDS-4: Markets
SDS-5: Geographic locations of
facilities

Alternative 1
The distribution
dealer

Alternative 2
The manufacturer

Alternative 3
Third-party collector

Fig. 4.2: The AHP-based MRCLS decision-making framework hierarchy.

87

The general AHP hierarchy for the MRCLS configuration decision-making
framework is illustrated in Fig. 4.2. The framework is applied for the case of washing
machines in the next section to illustrate its use to make robust decisions in product
recovery and remanufacturing of a product with a medium level of complexity and variety.
4.4 Case Study
In order to illustrate its use, the proposed framework is used for the case of washing
machine’s industry, an industry that offer a variety of brands with a considerable level of
complexity and production volume. A brief review of the product is presented to facilitate
the assessment of sub-criteria and alternatives.
4.4.1

A Review of Washing Machine’s Industry
Washing machines and other household appliances are of particular interest from

the circular economy perspective because of low collection numbers of used products.
Estimated percentage of collected large household appliances in four European countries
for 2013 are shown in Table 4.7 (Bressanelli et al, 2017).
Table 4.7: Collection rate of large household appliances in four European countries for
2013 (Bressanelli et al, 2017).
Country

Quantity put in market
(Tonnes)

Quantity collected
(Tonnes)

Collection rate
(%)

Germany

762,654

248,618

32.6

France

908,067

263,338

29.0

UK

739,247

255,406

34.5

Italy

482,864

107,305

22.2
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Given the large size and volume of washing machines, product recovery and
remanufacturing can make a significant reduction in energy and raw materials consumed
in the industry. Moreover, as washing machines ages, they can become less efficient and
consume more water and energy during their use periods. The potential benefits of
implementing PRR programs for washing machines have attracted the attention of many
researchers (Marconi et al, 2019; Lieder et al, 2017; Gnoni et al, 2017; Sousa-Zomer et al,
2017). Washing machines were used in a case study to demonstrate the use of a method
that was developed to determine the best disassembly sequence and time of products
(Marconi et al, 2019). The method used data mining techniques to derive corrective factors
related to actual product conditions such as wear and rust. In another study, the reuse,
remanufacturing and recycling options for washing machines were investigated using a
multi-method simulation approach (Lieder et al, 2017). The disposition alternatives were
evaluated based on their costs and carbon footprints.
In addition to processing of returned products, washing machines were also the
subject of some research studies that focused on their business models. In a study of
washing machines, a use-based business model was proposed based on product-service
system (PSS) model and closed loop supply chains (CLSC) to facilitate transition to
circular economy (Gnoni et al, 2017). Expected impacts of the proposed model was
assessed using casual loop diagrams. An existing PSS business model of a major home
appliance company in Latin America was evaluated by examining lifecycle management
practices (Sousa-Zomer et al, 2017). The results show that benefits of the system depend
on practices across the whole lifecycle of the product including design, manufacturing,
maintenance and remanufacturing.
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A proposed plan to enhance transition to circular economy for washing machine
industry consists of product redesign, use-based business model, supply chain redesign and
technology enablers such as Internet of Thing (IoT) and cloud support (Bressanelli et al,
2017). The proposed plan can result in an estimated annual cost saving of 30% for
consumers.
Product variety needs to be considered for successful implementation of PRR
initiatives. Washing machine manufacturers have to wisely manage the product complexity
and variety to maximize their market share while reducing costs. ElMaraghy and
AlGeddawy (2012) have used washing machines to demonstrate the use of a novel product
variant design model (PVDM). The product variants and components considered are shown
in Fig. 4.3. The product variants and their modules illustrate the level of complexity that
needs to be considered in the decision-making for washing machines.
4.4.2

Pairwise Comparison of Sub-Criteria
Based on the review of washing machine industry, pairwise comparisons of the

sub-criteria in Phases I and II are performed as shown in Table 4.8 and 4.9 to determine
the priority of each sub-criterion. The comparisons were based on the relative importance
of the sub-criteria and how they might affect the rankings of the alternatives of the four
decisions to be made. Since the judgements made to compare the sub-criteria are subjective
and this may result in some inconsistencies in the comparison, the consistency of the
comparison matrices is evaluated by calculating the consistency ratio CR for each matrix.
A consistency ratio of about 10% or less indicates that the judgements are consistent.
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Fig. 4.3: Washing machine product variants and their components (ElMaraghy
and AlGeddawy, 2012).

Table 4.8: Phase I sub-criteria pairwise comparison.
PMP-1

PMP-2

PMP-3

PMP-4

PMP-5

Priority vector

PMP-1

1

4

5

3

6

0.477

PMP-2

1/4

1

2

3

7

0.246

PMP-3

1/5

1/2

1

1/4

1

0.070

PMP-4

1/3

1/3

1/4

1

3

0.154

PMP-5

1/6

1/7

1

1/3

1

0.053
CR = 0.097
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Table 4.9: Phase II sub-criteria pairwise comparison.
SDS-1

SDS-2

SDS-3

SDS-4

SDS-5

Priority
vector

SDS-1

1

1/4

1/2

5

6

0.176

SDS-2

4

1

3

7

7

0.490

SDS-3

2

1/3

1

5

6

0.241

SDS-4

1/5

1/7

1/5

1

2

0.054

SDS-5

1/6

1/7

1/6

1/2

1

0.039
CR = 0.053

The pairwise comparisons of the sub-criteria in Table 4.8 and 4.9 are used for the
four decisions as the relative importance of the sub-criteria is deemed to be equally relevant
to the four decisions to be analysed. The outcome of the hierarchical analysis for the four
decisions will constitute the overall ranking of alternatives needed in Phase III of the
framework where the MRCLS is configured.
4.4.3

Decision 1: Collection
In Phase I for Decision 1, the collection alternatives will be pairwise compared with

respect to the five sub-criteria identified. This comparison will result in five comparison
matrices corresponding to the five sub-criteria in Phase I. For the Complexity sub-criterion
(PMP-1), collection by the manufacturer is more preferred than collection by the
distribution dealer because the manufacturer has a better knowledge of the technical
aspects of the washing machines than the distribution dealers. As the complexity of the
product increases, it becomes more strongly preferred that the manufacturer handles the
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collection and initial assessment. Since the washing machines have a moderate complexity
due to a limited number of critical parts, the manufacturer is considered moderately to
strongly more preferred (a level of 4 on Saaty’s comparison scale from 1 to 9) than the
distribution dealer. This judgement and other judgements used to make the pair wise
comparison for this case study were based on the general information about washing
machine industry and its supply chain. The complete pair wise comparison (PCM) matrices
for the alternatives in Decision 1 are given in Table 4.10 for Phase I.
Collection by the manufacturer is more preferred than collection by the distribution
dealer and third-party collection agent from the complexity sub-criterion perspective
because of the complexity and variety involved in the product line of washing machines
and dryers that are usually sold together. The distribution dealers, in the case of washing
machines, are usually selling other products and may not provide the desired level of
acquisition and collection management of returned products. However, the distribution
dealers are more preferred that third-party collection agents who would require more
training efforts and resources to acquire the returned products.
The price sub-criterion would make collection by the manufacturer more preferred
than the distribution dealer and third-party collection agent because it would eliminate any
additional collection fees and make the acquisition process cheaper. When considering the
product size and volume, the distribution dealer is more preferred because the manufacturer
and the third-party collection agent because the large size of the washing machine would
make it difficult for the customers to arrange for shipping their units to the manufacturer.
The established forward transportation channel between the manufacturer and the
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distribution dealer can be utilized for the reverse flow to lower cost and increase efficiency
of shipping large volumes of returned products.
With the increased control and technology in modern washing machines, an initial
assessment of the returned products at the collection time can be easily performed without
direct involvement of the manufacturer. Therefore, the distribution dealer is more preferred
for collection as there is an established information sharing channel with the manufacturer
that can be used to share initial assessment information.
In Phase II, the alternatives are pairwise compared to determine the more feasible
alternative. The comparison of the alternatives is shown in Table 4.11. The relationship
between the manufacturer and suppliers will have no influence on the collection decision.
Therefore, there are only four matrices in this phase for collection. In the washing machine
market, the manufacturer will have a limited number of distribution dealers who are in
most cases retailers selling different lines of products from multiple manufacturers. The
established logistics and information channels with the distribution dealers makes
collection by the dealers a more feasible alternative than the manufacturer and the thirdparty collection agent. The after-sales services are usually managed by the manufacturer
authorized technical agents and that makes the manufacturer more suitable for collection
than the distribution dealer and the third-party collection agent because they lack access to
service history. However, collection by the distribution dealer is more feasible than the
other two alternatives from the diverse consumer market and wide geographic product
distribution network perspectives.
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Table 4.10: Phase I pair wise comparison matrices for alternatives in Decision 1.
PMP-1

PMP-2

PMP-3

PMP-4

PMP-5

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

A1

1

1/3

6

1

1/3

5

1

5

9

1

2

7

1

7

7

A2

3

1

9

3

1

7

1/5

1

4

1/2

1

8

1/7

1

3

1

1/9

1/4

1

1/7

1/8

1

1/7 1/3 1

A3

1/6 1/9

1

1/5 1/7

A2 A3

Table 4.11: Phase II pair wise comparison matrices for alternatives in Decision 1.
SDS-2

SDS-3

SDS-4

SDS-5

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1

1

6

3

1

1/3

3

1

8

5

1

8

5

A2

1/6

1

1/2

3

1

4

1/8

1

1/3

1/8

1

1/4

A3

1/3

2

1

1

1/5

3

1

1/5

4

1

4.4.4

1/3 1/4

Decision 2: Inspection, Sorting and Disassembly
In Decision 2, the inspection, sorting and disassembly alternatives are compared

with respect to sub-criteria in Phase I and II. As the washing machine complexity increases
due to market and government regulation related reasons, inspection and subsequent
sorting and disassembly of the returned products become more involved and require a
higher level of technical knowledge. Moreover, the manufacturer may decide not to share
the advanced technology features of the product with other parties. Therefore, from the
complexity and technology perspectives it would be more preferred that the manufacturer
performs these tasks in their facilities rather than delegating them to the distribution dealer
or a third-party agent.
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With the relatively high prices of new washing machines, the potential benefits
from the recovered products and modules may justify the capital investment in a
manufacturer-run inspection, sorting and disassembly facilities. Thus, the manufacturer is
a more preferred alternative than the distribution dealer and the third-party agent.
Additionally, the bulky size of the product may require a more expensive materials
handling system and therefore it is more preferred to have a centralized facility to receive
returned products from multiple distribution dealers to improve the economy of scale.
However, it is more preferred to have the temporary storage of returned products delegated
to a third-party warehousing facility to mitigate the effect of fluctuation in returned product
volumes. The alternative pairwise comparison matrices for Phase I is shown in Table 4.12.
The alternatives pairwise comparison matrices for Phase II are given in Table 4.13.
Considering the relationship between the manufacturer and distribution dealers in the
washing machine market, the distribution dealers who carry products from different,
usually competing, manufacturers are not likely to be a suitable alternative for handling the
inspection and disassembly of the returned products. Thus, it is more feasible to have these
tasks done by the manufacturer. The manufacturer is also more capable of dealing with the
variations in the condition of the returned products that come from diverse markets and
patterns of use. Additionally, the manufacturer can use after-sales maintenance records to
get better inspection results. However, the global geographic regions in which the products
are used can make more feasible for the distribution dealers to inspect the returned products
because they are familiar with the local geographic region they serve.
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Table 4.12: Phase I pair wise comparison matrices for alternatives in Decision 2.
PMP-1

PMP-2

PMP-3

PMP-4

PMP-5

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

A2

A3 A1 A2 A3

A1

1

2

4

1

3

6

1

6

8

1

6

9

A2

1/2

1

3

1/3

1

4

1/6

1

3

1/6

1

3

A3

1/4

1/3

1

1/6

1/4

1

1/8 1/3

1

1/9 1/3

1

2 1/5

1/2 1 1/4

1

5

4

1

Table 4.13: Phase II pair wise comparison matrices for alternatives in Decision 2.
SDS-2

SDS-3

SDS-4

SDS-5

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1

1

7

6

1

8

6

1

7

7

1

1/7 1/8

A2

1/7

1

2

1/8

1

1/3

1/7

1

1/2

7

1

2

A3

1/6 1/2

1

1/6

3

1

1/7

2

1

8

1/2

1

4.4.5 Decision 3: Processing
The pairwise comparison matrices for Decision 3 are given in Table 4.14 and 4.15
for Phase I and II respectively. Once the returned products are disassembled the complex
and critical modules should ideally be processed by their respective suppliers because they
manage the facilities in which the modules were originally manufactured. The suppliers
are also more capable of efficiently processing large modules and ensuring that their quality
and technology levels are adequate. In order to sell the remanufactured products at a lower
price, the modules should be processed by the manufacturer rather than the supplier or a
third-party agent as this reduces transportation costs particularly when the volumes to be
processed are large.
The existing work relationship between the manufacturer and the suppliers can be
extended to cover the processing of the returned modules. However, the after-sales services
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that are provided by a local service agent and the wide geographical distribution of washing
machines make assigning the processing of modules to local third-party agents a more
feasible alternative.
Table 4.14: Phase I pair wise comparison matrices for alternatives in Decision 3.
PMP-1

PMP-2

PMP-3

PMP-4

PMP-5

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

A2

A3

A1

1

1/2

3

1

3

5

1

1/4

3

1

1/4

5

1

3

6

A2

2

1

3

1/3

1

4

4

1

5

4

1

8

1/3

1

4

1

1/5 1/4

1

1/6 1/4

A3

1/3 1/3

1

1/3 1/5

1

1/5 1/8

1

Table 4.15: Phase II pair wise comparison matrices for alternatives in Decision 3.
SDS-3

SDS-5

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1

1

1/5

4

1

A2

5

1

8

5

1

1/3

4

1

1/3

1

7

3

1

5

3

1

A3
4.4.6

SDS-1

1/4 1/8

1/5 1/7

1

1/4 1/5

Decision 4: Industry 4.0 system level
Decision 4 is concerned with the level of Industry 4.0 that should be implemented

to support the PRR system. High level of Industry 4.0 is desired in manufacturing systems
to increase efficiency and competitiveness. However, the high cost of systems may limit
the extent of implementation. In the recovery and remanufacturing of washing machines,
Industry 4.0 can support the assessment, inspection, sorting, disassembly and processing
of returned products. The technological features in modern washing machines can enable
a high level of industry 4.0 by including data about use patterns and performance level.
The average price of washing machines can justify implementation of Industry 4.0
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technologies mainly in the areas where labor costs are expected to be a barrier to product
recovery and remanufacturing such as inspection and sorting. However, with the significant
complexity and variety levels in washing machine industry, a high level of Industry 4.0 is
more preferred.
In order to enable data communications and analytics between the manufacturer’s
facilities and the distribution dealers and module suppliers, a limited implementation of
Industry 4.0 and Internet of Things (IoT) systems is necessary and feasible. This
implementation would allow a worldwide tracking and monitoring across all global
geographic regions in which the products are sold and used. It will also enable the
manufacturer to build databases and use data mining and analytics to predict patterns of
quality and quantity of returned products to continuously improve the PRR system
performance. The pairwise comparisons are summarized in Table 4.16 and 4.17.
Table 4.16: Phase I pair wise comparison matrices for alternatives in Decision 4.
PMP-1

PMP-2

PMP-4

PMP-5

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1

1

1/3 1/6

1

1/5 1/4

A2

3

1

1/5

5

1

1/2

A3

6

5

1

4

2

1

1

5

6

1

1/5

2

1/5

1

3

5

1

4

1/6 1/3

1

1/2 1/4

1

Table 4.17: Phase II pair wise comparison matrices for alternatives in Decision 4.
SDS-1

SDS-2

SDS-5

A1 A2 A3

A1 A2 A3

A1 A2 A3

A1

1

1/7 1/9

1

1/5 1/3

1

1/4 1/7

A2

7

1

1/3

5

1

4

4

1

1/4

A3

9

3

1

3

1/4

1

7

4

1
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4.4.7

Results
A summary of global priorities and rankings of alternatives is given in Table 4.18

and Fig. 4.4 with equal weights assigned to phase I and II. First, the collection of returned
products by the distribution dealer is the preferred alternative. The distribution dealers
would be responsible for motivating the customers to register their products for after-sales
services managed by the manufacturer’s authorized agents and to return their products to
the dealer at the end of the service term. Once the products are returned, the distribution
dealers arrange for shipping them to the assigned inspection, sorting and disassembly
facilities managed by the manufacturer. After sorting and disassembly, the returned
modules are sent to the suppliers for processing. Modules and parts that can be
remanufactured are processed by the suppliers in the disassembly location and sent directly
to the integrated manufacturing-remanufacturing plant. Any items that can’t be processed
for value recovery are sent to disposal sites.

Table 4.18: Summary of global priorities and rankings for alternatives of the four
decisions (Phases I and II have equal weights).
Decision 1

Decision 2

Decision 3

Decision 4

Priority Ranking Priority Ranking Priority Ranking Priority Ranking
vector
vector
vector
vector
A1

0.471

1

0.665

1

0.259

3

0.133

3

A2

0.404

2

0.202

2

0.465

1

0.407

1

A3

0.125

3

0.133

3

0.275

2

0.460

2

100

0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000
Decision 1

Decision 2
A1

Decision 3
A2

Decision 4

A3

Fig. 4.4: Alternative scores for the three decisions (Phases I and II have equal weights).

The elimination of third-party collection will protect the manufacturer market share
against the used product market. Therefore, the market demand for remanufactured
products is likely to increase. The performance of the MRCLS depends heavily on the
Industry 4.0 system implemented which keeps track of quantity, quality and timing of
modules received. The returned products are monitored and tracked from to the time they
are sold as new products until they are returned to the manufacturer. A timely feedback is
continuously sent to the manufacturer and suppliers for accurate materials and production
planning and future improvement in the system performance. A MRCLS configuration
based on the outcome of the framework is illustrated in Fig. 4.5. The processed parts and
modules can also be used by the suppliers to supply the spare parts markets. The items to
be refurbished or recycled are sent to the supplier’s designated locations for refurbishing
and recycling.
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Fig. 4.5: Network configuration of manufacturing-remanufacturing closed loop system
for washing machines.

4.4.8

Sensitivity Analysis
The results in Fig. 4.4 indicate that handling the inspection and disassembly

activities by the manufacturer is a strongly preferred alternative which reflects the
importance of this part of the network for success of the whole system. In order to evaluate
the sensitivity of the results to the weights given to phase 1 and 2, the results for the cases
in Table 4.19 are shown in Fig. 4.6, 4.7, 4.8 and 4.9 and Tales 4.20, 4.21, 4.22 and 4.23 for
decisions 1, 2, 3 and 4 respectively. For decision 1, the results show that collection by the
distribution dealer was the preferred alternative for cases 1, 2 and 3. However, as the weight
of phase 1 (product, materials and processes) increases collection by the manufacturer
gains higher score and becomes the highest-ranking alternative in cases 4 and 5.
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For the inspection and disassembly activities, the direct control by manufacturer is
significantly more preferred than the other two alternatives in all cases. The strong
preference of manufacturer-controlled inspection and disassembly can be attributed to the
technical expertise needed for effective execution of tasks. Moreover, the distribution
dealer and third-party agents may lack the necessary technology and infrastructure required
for the activities. For the third decision (processing), the results in Fig. 4.8 indicate that the
supplier alternative has the highest ranking in all cases. However, the third-party processor
alterative ranking approaches the highest ranking as the weight of phase 2 criterion
increases (cases 1 and 2). On the other end, the manufacturer alternative ranking
approaches the highest ranking as the weight of phase 1 criterion increases (cases 4 and 5).
For the fourth decision, the results in Fig. 4.9 indicates that more technology
implementation is preferred for the cases where phase I criterion (product, materials and
processes) have higher weight than phase II criterion (supply and distribution structure).

Table 4.19: Weights assigned to phase I and II for the five cases of the analysis.
Weight
Case

Product, Materials
Supply and
and Processes
Distribution Structure

1

0.1

0.9

2

0.25

0.75

3

0.5

0.5

4

0.75

0.25

5

0.9

0.1
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Decision 1
A1 Distribution Dealer

A2 Manufacturer

A3 Third party collectors

1
0.600
0.500
0.400
0.300
0.200

5

2

0.100
0.000

4

3

Fig. 4.6: Sensitivity analysis for Decision 1.

Table 4.20: Alternatives scores for Decision 1 for cases 1 to 5.

Case
Alternative

1

2

3

4

5

A1 Distribution Dealer

0.542

0.516

0.471

0.426

0.399

A2 Manufacturer

0.283

0.328

0.404

0.480

0.525

A3 Third party collector

0.175

0.156

0.125

0.094

0.076
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Decision 2
A1 Manufacturer

A2 Dealers

A3 Third party

1
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

5

2

4

3

Fig. 4.7: Sensitivity analysis for Decision 2.

Table 4.21: Alternatives scores for Decision 2 for cases 1 to 5.

Case
Alternative

1

2

3

4

5

A1 Manufacturer

0.712

0.694

0.665

0.636

0.618

A2 Dealers

0.154

0.172

0.202

0.232

0.250

A3 Third party

0.134

0.134

0.133

0.132

0.132
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Decision 3
A1 Manufacturer

A2 Suppliers

A3 Third party

1
0.500
0.400
0.300
0.200

5

2

0.100
0.000

4

3

Fig. 4.8: Sensitivity analysis for Decision 3.

Table 4.22: Alternatives scores for Decision 3 for cases 1 to 5.

Case
Alternative

1

2

3

4

5

A1 Manufacturer

0.147

0.189

0.259

0.329

0.371

A2 Suppliers

0.446

0.453

0.465

0.477

0.485

A3 Third party

0.407

0.357

0.275

0.193

0.144
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Decision 4
A1 Low

A2 Medium

A3 High

1
0.600
0.500
0.400
0.300

0.200

5

2

0.100
0.000

4

3

Fig. 4.9: Sensitivity analysis for Decision 4.

Table 4.23: Alternatives scores for Decision 4 for cases 1 to 5.

Case
Alternative

1

2

3

4

5

A1 Low

0.096

0.110

0.133

0.156

0.169

A2 Medium

0.519

0.477

0.407

0.337

0.295

A3 High

0.385

0.413

0.460

0.508

0.536
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4.5 Summary
In order to deal with complexity involved in the decision-making process, the
preferred configuration is composed of the outcome of the preferred alternatives for a set
of four decisions that address
•

Collection

•

Inspection, sorting and disassembly

•

Processing

•

Industry 4.0 system level
The AHP model can be expanded and customized to suit various needs of the

decision makers by adding and/or modifying the decisions, alternatives and sub-criteria.
The outcome of the framework can also alert the manufacturer of the need to modify some
product life-cycle practices to enhance a better move to circular economy. For example, if
the preferred alternative in collection is third-party collection, the manufacturer is alerted
that there is less incentive or feasibility for manufacturer driven collection.
The conceptual framework was illustrated by applying it to a case study from the
washing machine industry. The results show that the washing machine market can benefit
from more manufacturer involvement in PRR activities to reduce energy and raw materials
consumption. Other studies have also indicated that washing machines are a strong
candidate for implementing a circular economy model. For a quantitative analysis, the
outcome of the model can be used in the mathematical optimization model presented next.
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Chapter 5
Mathematical Modeling of Circular Economy Manufacturing Systems

In order to fill some gaps in the literature, a quantitative study of an integrated
product recovery and remanufacturing system with modular product returns is proposed.
Modularity is common in products with significant complexity and variety as it facilitates
design and production management and control. Studies of modular products are needed
since the quality and characteristics of different components or modules of a product can
vary significantly and may need to be assigned to different disposition channels and this
consequently affects the quantity of remanufactured products. The mathematical
optimization model proposed in this chapter is an extension of the conceptual multi-criteria
decision-making model presented in the previous chapter.
5.1 Modeling of Manufacturing-Remanufacturing Closed Loop Systems
In the circular economy paradigm, manufacturers need to concurrently consider
product, manufacturing-remanufacturing processes and closed loop supply chain
operations to maximize their remanufacturing capabilities and product recovery using a
cost effective and environmentally conscious approach. In this proposal, a manufacturingremanufacturing closed loop supply chain network is considered with the aim of
maximizing value recovery from the returned products. The network structure was derived
in the conceptual model from the previous chapter and is shown in Fig. 5.1.
The network consists of an original equipment manufacturer, new module
suppliers, module remanufacturing center, distribution dealers, customers, collection,
109

disassembly and inspection center, refurbishing center, recycling and disposal site. The
distribution dealers act as collecting agents for the manufacturers and send the collected
products to a disassembly and inspection center managed by the manufacturer. In the
collection and inspection center, the products are disassembled, and modules are classified
in accordance with their quality levels and operation and maintenance records. The concept
of proactive remanufacturing is used to reduce the cost of inspection and maximize the
remanufactured portion of returned products. Modules that are not sent to the
remanufacturing center are either refurbished, recycled or disposed.

Fig. 5.1: Proposed manufacturing-remanufacturing closed loop system.
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5.2 Optimization of Product Mix
In order to analyze the proposed system, a mathematical model is formulated. The
objective of the proposed mathematical model is to determine the optimum manufacturingremanufacturing product mix that maximizes the company profit. The notations used in the
model formulation are given in Tables 5.1 and 5.2. The assumptions used for the model
are
1- The new product modules are purchased from multiple suppliers. However, each
module can be purchased from one supplier only.
2- The new products as well as remanufactured products are sent to a single distribution
dealer who acts as the collection agent to acquire returned products from customers.
3- The transportation cost of new products to the distribution dealer equals the
transportation cost of returned products back to the disassembly/inspection facility.
4- The disassembly/inspection facility is located at the manufacturing-remanufacturing
site.
5- The supplier of each module buys back the quantity of refurbished and recycled
modules from the manufacturer.
6- The suppliers sell the refurbished modules to the spare part markets while the recycled
modules are used to produce new modules to reduce the raw materials requirements.
7- The model represents the production, collection and distribution of products and
modules for a single period (i.e., one month).
8- Each product consists of a number of modules that have different characteristics, cost,
raw materials and manufacturing processes. The structure of a product is described by
a product-module index 𝑋𝑛𝑚 which equals 1 if product n has module m.
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Table 5.1: Model Parameters
Notation

Description

n
m
𝐶𝑑𝑖𝑠𝑛

Set of products, n = 1, 2, … N where N is the maximum number of products
Set of modules, m = 1, 2, … M where M is the maximum number of modules
Cost of disassembling and inspecting returned product n (per unit)

𝐶𝑑𝑖𝑠𝑝𝑚

Cost of disposal for module m (per unit)

𝐶𝑚𝑎𝑛𝑛

Cost of manufacturing new product n (per unit)

𝐶𝑟𝑒𝑓𝑚

Cost of refurbishing module m (per unit)

𝐶𝑟𝑒𝑚𝑚

Cost of remanufacturing module m (per unit)

𝐶𝑟𝑒𝑚𝑛

Cost of remanufacturing product n (per unit)

𝐶𝑟𝑒𝑡𝑛

Cost of acquiring returned product n from customers

𝐶𝑟
𝐶𝑑
𝐶𝑓

Fixed cost of collection at distribution dealer
Fixed cost of disassembly and inspection facility
Fixed cost of manufacturing-remanufacturing factory

𝐶𝑠
𝐶𝑚
𝐷𝑛
𝑃𝑟𝑒𝑐𝑚

Fixed cost of refurbishing facility
Cost of new module m
Market demand for product n
Price of recycled module m (sold to module supplier)

𝑃𝑟𝑒𝑓𝑚

Price of refurbished module m (sold to module supplier)

𝑃𝑟𝑒𝑚𝑛

Price of remanufactured product n

𝑃𝑟𝑒𝑚𝑚

Price of remanufactured product m

𝑃𝑛
𝑇𝑑𝑖𝑠𝑝𝑚

Price of new product n
Transportation cost of module m to disposal site

𝑇𝑟𝑒𝑐𝑚

Transportation cost of recycled module m

𝑇𝑟𝑒𝑓𝑚

Transportation cost of refurbished module m

𝑇𝑚
𝑇𝑛
𝑋𝑛𝑚
𝑈𝑟
𝑈𝑓

Transportation cost of new module m
Transportation cost of new product n
Product-module index, 𝑋𝑛𝑚 = (1 𝑖𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑛 ℎ𝑎𝑠 𝑚𝑜𝑑𝑢𝑙𝑒 𝑚, 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒)
Capacity of collection facility at distribution dealer (all products)
Capacity of manufacturing-remanufacturing factory (all products)

𝑈𝑑
𝑈𝑠
𝛼𝑚
𝛽𝑚
𝛾𝑚

Capacity of disassembly/inspection facility
Capacity of refurbishing shop
Fraction of modules m that can be remanufactured
Fraction of modules m that can be refurbished
Fraction of modules m that can be recycled
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Table 5.2: Decision variables
Notation

Description

𝑄𝑛

Quantity of new product n to be produced

𝑄𝑟𝑒𝑚𝑛

Quantity of remanufactured product n to be produced

𝑄𝑟𝑒𝑐𝑚

Quantity of module m to be recycled

𝑄𝑟𝑒𝑓𝑚

Quantity of module m to be refurbished

𝑄𝑟𝑒𝑡𝑛

Quantity of returned product n

𝑄𝑟𝑒𝑡𝑚

Quantity of returned module m

𝑄𝑟𝑒𝑚𝑚

Quantity of remanufactured module m

𝑄𝑚

Quantity of purchased module m

𝑄𝑑𝑖𝑠𝑝𝑚

Quantity of module m to be disposed

The quantity of new modules m needed in new product manufacturing is given by
𝑁

𝑄𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑛

∀𝑚

(5.1)

𝑛=1

The quantity of returned modules m is given by
𝑁

𝑄𝑟𝑒𝑡𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑡𝑛

∀𝑚

(5.2)

𝑛=1

The returned modules will be inspected and sorted to modules to be remanufactured,
modules to be refurbished, modules to be recycled and modules to be disposed
𝑄𝑟𝑒𝑡𝑚 = 𝑄𝑟𝑒𝑚𝑚 + 𝑄𝑟𝑒𝑐𝑚 + 𝑄𝑟𝑒𝑓𝑚 + 𝑄𝑑𝑖𝑠𝑝𝑚

∀𝑚

(5.3)

The quantity of remanufactured modules needed to produce the remanufactured products
is
𝑁

∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑚𝑛

∀𝑚

(5.4)

𝑛=1
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The proportions of remanufactured, refurbished and recycled returned modules are given
by
𝑄𝑟𝑒𝑚𝑚 = 𝛼𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.5)

𝑄𝑟𝑒𝑓𝑚 = 𝛽𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.6)

𝑄𝑟𝑒𝑐𝑚 = 𝛾𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.7)

The sum of new and remanufactured product n should equal the market demand of
product n with the assumption that a minimum of 40% of market demand has to be
fulfilled with the remanufactured product.
𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 = 𝐷𝑛

∀𝑛

(5.8)

𝑄𝑟𝑒𝑚𝑛 ≥ 0.4𝐷𝑛

∀𝑛

(5.9)

Capacity Constraints
The quantity of all returned products can’t exceed the capacity of the collection facility at
the distribution dealer
𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑟

(5.10)

𝑛=1

The quantity of all new and remanufactured products can’t exceed the capacity of the
manufacturing-remanufacturing factory
𝑁

∑(𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 ) ≤ 𝑈𝑓

(5.11)

𝑛=1
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The quantity of all returned products can’t exceed the capacity of the
disassembly/inspection facility
𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑑

(5.12)

𝑛=1

The quantity of all refurbished modules can’t exceed the capacity of the refurbishing
shop
𝑀

∑ 𝑄𝑟𝑒𝑓𝑚 ≤ 𝑈𝑠

(5.13)

𝑚=1

Revenues and Costs
The manufacturer main objective is to maximize profits while implementing a sustainable
product recovery system. The manufacturer main revenues come from selling new products
to the customers which can be written as
𝑁

∑ 𝑃𝑛 𝑄𝑛

(5.14)

𝑛=1

However, with the implementation of product recovery and remanufacturing, other
revenues are generated from selling remanufactured products
𝑁

∑ 𝑃𝑟𝑒𝑚𝑛 𝑄𝑟𝑒𝑚𝑛

(5.15)

𝑛=1

as well as selling refurbished modules, recycled modules and the remaining
remanufactured modules to the module suppliers which is given as
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𝑀

𝑀

𝑁

𝑀

∑ 𝑃𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 + ∑ 𝑃𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚 + ∑ 𝑃𝑟𝑒𝑚𝑚 (𝛼𝑚 𝑄
𝑚=1

𝑚=1

𝑚=1

𝑟𝑒𝑡𝑚

− ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑚𝑛 ) (5.16)
𝑛=1

The cost of manufacturing and remanufacturing products is
𝑁

𝑁

∑ 𝐶𝑚𝑎𝑛𝑛 𝑄𝑛 + ∑ 𝐶𝑟𝑒𝑚𝑛 𝑄𝑟𝑒𝑚𝑛
𝑛=1

(5.17)

𝑛=1

The costs of acquisition, transportation, disassembly and inspection of returned products
are
𝑁

𝑁

𝑁

∑ 𝐶𝑟𝑒𝑡𝑛 𝑄𝑟𝑒𝑡𝑛 + ∑ 𝐶𝑑𝑖𝑠𝑛 𝑄𝑟𝑒𝑡𝑛 + ∑ 𝑇𝑛 𝑄𝑟𝑒𝑡𝑛
𝑛=1

𝑛=1

(5.18)

𝑛=1

The costs of remanufacturing and refurbishing returned modules are
𝑀

𝑀

∑ 𝐶𝑟𝑒𝑚𝑚 𝑄𝑟𝑒𝑚𝑚 + ∑ 𝐶𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚
𝑚=1

(5.19)

𝑚=1

The cost of purchasing and transportation of new modules is given as
𝑀

𝑀

∑ 𝐶𝑚 𝑄𝑚 + ∑ 𝑇𝑚 𝑄𝑚
𝑚=1

(5.20)

𝑚=1

The transportation cost of new products from the manufacturer to the distribution dealer
is
𝑁

∑ 𝑇𝑛 𝑄𝑛

(5.21)

𝑛=1

The transportation costs of refurbished, recycled and disposed modules are
𝑀

𝑀

𝑀

∑ 𝑇𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚 + ∑ 𝑇𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 + ∑ 𝑇𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚
𝑚=1

𝑚=1

(5.22)

𝑚=1
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The disposal cost is
𝑀

∑ 𝑇𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚

(5.23)

𝑚=1

The fixed monthly costs for collection at the distribution dealer, manufacturingremanufacturing and disassembly/inspection facility are
𝐶𝑟 + 𝐶𝑓 + 𝐶𝑑 + 𝐶𝑠

(5.24)

The fixed costs include monthly payments to cover the capital cost of buildings and
equipment, overhead costs and other facility management costs.
The net profit of the manufacturing-remanufacturing closed loop system is
𝑁𝑒𝑡 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡

(5.25)

Therefore, the model for product mix optimization (Model A) can be formulated as
Objective function
𝑁

𝑀𝑎𝑥 ∑(𝑃𝑛 𝑄𝑛 + 𝑃𝑟𝑒𝑚𝑛 𝑄𝑟𝑒𝑚𝑛 − 𝐶𝑚𝑎𝑛𝑛 𝑄𝑛 − 𝐶𝑟𝑒𝑚𝑛 𝑄𝑟𝑒𝑚𝑛 − 𝐶𝑟𝑒𝑡𝑛 𝑄𝑟𝑒𝑡𝑛 − 𝐶𝑑𝑖𝑠𝑛 𝑄𝑟𝑒𝑡𝑛
𝑛=1
𝑀

− 𝑇𝑛 𝑄𝑛 − 𝑇𝑛 𝑄𝑟𝑒𝑡𝑛 ) + ∑ (𝑃𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 + 𝑃𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚 − 𝐶𝑟𝑒𝑚𝑚 𝑄𝑟𝑒𝑚𝑚
𝑚=1

− 𝐶𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚 − 𝐶𝑚 𝑄𝑚 − 𝑇𝑚 𝑄𝑚 − 𝑇𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 − 𝑇𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚
− 𝐶𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚 − 𝑇𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚 )
𝑀

𝑁

+ ∑ 𝑃𝑟𝑒𝑚𝑚 (𝛼𝑚 𝑄𝑟𝑒𝑡𝑚 − ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑚𝑛 ) − 𝐶𝑟 − 𝐶𝑓 − 𝐶𝑑 − 𝐶𝑠
𝑚=1

𝑛=1

(5.26)
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Subject to
𝑁

𝑄𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑛

∀𝑚

(5.27)

𝑛=1
𝑁

𝑄𝑟𝑒𝑡𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑡𝑛

∀𝑚

(5.28)

𝑛=1

𝑄𝑟𝑒𝑡𝑚 = 𝑄𝑟𝑒𝑚𝑚 + 𝑄𝑟𝑒𝑐𝑚 + 𝑄𝑟𝑒𝑓𝑚 + 𝑄𝑑𝑖𝑠𝑝𝑚

∀𝑚

(5.29)

𝑁

𝑄𝑟𝑒𝑚𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑚𝑛

∀𝑚

(5.30)

𝑛=1

𝑄𝑟𝑒𝑚𝑚 = 𝛼𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.31)

𝑄𝑟𝑒𝑓𝑚 = 𝛽𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.32)

𝑄𝑟𝑒𝑐𝑚 = 𝛾𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.33)

𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 = 𝐷𝑛

∀𝑚

(5.34)

𝑄𝑟𝑒𝑚𝑛 ≥ 0.4𝐷𝑛

∀𝑚

(5.35)

Capacity Constraints
𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑟

(5.36)

𝑛=1
𝑁

∑(𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 ) ≤ 𝑈𝑓

(5.37)

𝑛=1
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𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑑

(5.38)

𝑛=1
𝑀

∑ 𝑄𝑟𝑒𝑓𝑚 ≤ 𝑈𝑠

(5.39)

𝑚=1

𝑄𝑛 , 𝑄𝑟𝑒𝑚𝑛 , 𝑄𝑟𝑒𝑐𝑚 , 𝑄𝑟𝑒𝑓𝑚 , 𝑄𝑟𝑒𝑡𝑛 , 𝑄𝑟𝑒𝑚𝑚 , 𝑄𝑚 , 𝑄𝑑𝑖𝑠𝑝𝑚 ≥ 0

∀ 𝑛, 𝑚

(5.40)

5.3 Case Study

The case of washing machines from the previous chapter is used to illustrate the
application and benefits of the developed mathematical model. In this case, the
manufacturer produces seven models of washing machines from 14 modules. The family
of products and the product-module index values were adopted from ElMaraghy and
AlGeddawy (2012). The parameters used in the case study were consistent with other
similar cases of washing machines or home appliances considered in the literature and
product and module price data available online (Alumur et al., 2012; Annamalai et al.,
2012; Jeihoonian et al., 2017). The product-module index values are given in Table 5.3.
The model was solved using Lingo 18.0 software. The transportation costs per product or
module depend on the distance travelled and the unit size and weight. For all washing
machine types, the cost of shipping from the manufacturing plant to the distributor
warehouse is taken as $1 per product. The shipping cost of modules is taken as a flat rate
of $0.3 per module. The total fixed cost for all facilities was assumed to be $13,200,000.
The inspection and disassembly of returned products take place at a centralized
location close to the manufacturing-remanufacturing plant. A maximum regulatory module
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disposal rate is assumed to be 5% as a base case. In order to reduce the consumption of raw
materials and energy, the market demands can be fulfilled by new and remanufactured
products with similar performance and warranty policy. The monthly market demands,
prices and costs related to the product types are given in Table 5.4. The proportions of
module m to be remanufactured, refurbished and recycled were not specified in order to
determine the optimal proportions that maximizes the net profit. The manufacturer can use
these optimal proportions as target values to improve performance. The values of
parameters pertaining to modules that were used in the analysis are given in Table 5.5.

Table 5.3: Product-module index Xnm values.

Products

Modules
1

2

3

4

5

6

7

8

9

10

11

12

13

14

1

1

0

0

1

0

0

1

0

1

0

1

1

0

0

2

0

1

0

1

0

0

0

1

1

0

1

0

0

0

3

0

0

1

0

0

1

0

1

0

1

1

1

0

0

4

0

0

1

0

0

1

0

1

0

1

0

0

1

0

5

0

0

1

0

0

1

0

1

0

1

0

0

1

1

6

0

1

0

0

1

0

0

1

1

0

1

1

0

0

7

0

1

0

0

1

0

0

1

1

0

1

0

0

0
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Table 5.4: Monthly market demands, prices and costs related to products.

Product

Name

variant

𝐷𝑛

𝑃𝑛

𝑃𝑟𝑒𝑚𝑛

𝐶𝑚𝑎𝑛𝑛

𝐶𝑟𝑒𝑚𝑛

𝐶𝑟𝑒𝑡𝑛

𝐶𝑑𝑖𝑠𝑛

(units)

($)

($)

($)

($)

($)

($)

1

Basic

8000

775

650

150

135

100

4

2

Energy

8000

790

700

170

140

110

5

3

Intelligent

8000

800

710

170

140

110

4

4

Supreme

5500

770

680

150

135

100

4

5

Ultimate

6500

730

620

150

135

100

4

6

Performance

5000

765

680

150

135

100

4

7

Classic

7000

900

790

200

150

150

6

The model was solved for three cases based on the volume of remanufactured
products. In the first case, a minimum of 40% of the market demand for each variant has
to be fulfilled with remanufactured products. The portion of remanufactured product
content measure can be defined as
𝑅𝑛 = 𝑄𝑟𝑒𝑚𝑛 /𝐷𝑛

(5.41)

The total remanufactured product index can be defined as

𝑁

𝑁

𝑅 = ∑ 𝑄𝑟𝑒𝑚𝑛 / ∑ 𝐷𝑛
𝑛=1

(5.42)

𝑛=1
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Table 5.5: Washing machine module parameters used in the analysis.

Module

Name

𝐶𝑚

𝑃𝑟𝑒𝑚𝑚

𝑃𝑟𝑒𝑓𝑚

𝐶𝑟𝑒𝑚𝑚

𝐶𝑟𝑒𝑓𝑚

𝑃𝑟𝑒𝑐𝑚 𝐶𝑑𝑖𝑠𝑝𝑚

($)

($)

($)

($)

($)

($)

($)

1

Controller 1

30

21

17

15

10

1

1.2

2

Controller 2

42

20

22

17

12

1

1.2

3

Controller 3

60

22

30

20

15

1

1.2

4

Motor 1

19

13

10

9

5

2

2

5

Motor 2

25

14

12

12

8

2

2

6

Motor 3

30

16

15

13

8

2

2

7

Water Valve 1

12

8

5

5

2

0.5

0.5

8

Water Valve 2

15

10

6

5

2

0.5

0.5

9

Body 1

100

50

40

8

4

10

5

10

Body 2
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60

45

8

4

10

5

11

Damper 1

30

13

10

6

1

1

0.4

12

Damper 2

60

30

20

7

1.5

2

0.7

13

Damper 3

70

33

22

7

1.2

1

0.5

14

Heater

15

7

4

4

2

1

0.4

In the second case, no specific portion of remanufactured products 𝑅𝑛 was
specified. In the third case, a minimum of 15% of the market demand for each variant has
to be fulfilled with remanufactured products. The results of the three cases are shown in
Table 5.6.
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Table 5.6: The results for three cases of remanufactured product portions.
𝐷𝑛

Case 1

Case 2

Case 3

(units)

𝑄𝑟𝑒𝑚𝑛

𝑄𝑟𝑒𝑚𝑛

𝑄𝑟𝑒𝑚𝑛

1

8000

3200

0

1146

2

8000

3200

0

1200

3

8000

3200

8000

1200

4

5500

2200

5500

825

5

6500

2600

0

975

6

5000

2000

0

750

7

7000

2800

4404

1050

Total

48000

19200

17904

7146

0.40

0.37

0.15

4.79361

5.23321

4.38146

Product

R
Net Profit
(millions $)

The net profits for the cases of specified remanufactured product portions of 40%
and 15% of product market demands (Cases 1 and 3) were lower than the case of no
specified remanufactured product portion. The results are shown graphically in Fig. 5.2.
The company net profit was reduced by 8.40% and 16.28% for the specified minimum
remanufactured product percentage of 40% and 15% respectively compared to the case of
no specified remanufactured product percentage. The total remanufactured product index
R values were calculated as 0.4, 0.37 and 0.15 for cases 1, 2 and 3 respectively. The benefits
that the company can get from being socially and environmentally responsible
manufacturer can outweigh the reduction in the net profit. The higher number of
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remanufactured products supplied to the market means more raw materials and energy
conserved and more products at a cheaper price for consumers.

Net profit

Total remanufactured product index R

5.4

0.45

5.2

0.4

0.35

4.8

0.3

4.6

0.25

4.4

0.2

4.2

0.15

R

Net profit in millions $

5

4

0.1

3.8

0.05

3.6

0
Case 1

Case 2

Case 3

Fig. 5.2: Net profit and total remanufactured product index R values for cases 1, 2 and 3.

The mathematical model can provide helpful insights for company management
and government regulators on the effectiveness of proposed measures to enhance the
transition to circular economy in the strategic manufacturing sector. The proposed
mathematical model and the provided case study of its application indicate that the
sustainable transformation of operations to a circular economy requires the development
of robust decision making and analysis tools that can take into consideration the specific
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circumstances of different manufacturers and the dynamic nature of technology, markets
and economy. Furthermore, the proposed model can be used for data analysis in an
autonomous Industry 4.0-based circular economy manufacturing system to optimize
performance. The manufacturing-remanufacturing plant can decide the optimum product
mix based on real-time data received from the collection, inspection, and disassembly
facilities. Based on the product mix data, the module suppliers are requested to ship the
required new modules to the manufacturing plant. The results also show that some product
variants are more feasible to remanufacture than others.
5.4 Optimization of Technology Selection
The performance of manufacturing-remanufacturing closed-loop systems can be
enhanced by the emerging Industry 4.0 technologies to reduce costs, mitigate the risk of
uncertainties in quality, quantity and timing of returned products. However, there is usually
a trade-off between the benefits and capital investment cost of implementing these
technologies. With the large number of ideas and systems that can be adopted, decisionmakers need to select and prioritize technology implementation based on their features,
potential benefits and available funds to support the implementation projects as well as the
expected market demands and production quantities. In this section, a mathematical
optimization model is formulated to determine the optimal technology selection plan and
production quantities. In addition to the notation used in the previous section, the model
uses the notations given in Tables 5.7 and 5.8 for the technologies available to reduce the
costs associated with products and modules. The model uses the same assumptions
presented in the previous section. The product technology implementation would result in
reducing the unit costs of remanufacturing and disassembly. The module technologies
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would reduce the unit cost of module remanufacturing and refurbishing. Additional capital
investment costs would also be incurred for product or module technologies selected. The
total implementation cost should not exceed the capital investment fund available.

Table 5.7: Model parameters for technology selection.
Notation
𝑊𝑟𝑒𝑚𝑛
𝑊𝑑𝑖𝑠𝑛

Description
Investment cost to implement product i remanufacturing technology

𝑊𝑟𝑒𝑚𝑚

Investment cost to implement product i disassembly and inspection
technology
Investment cost to implement module j remanufacturing technology

𝑊𝑟𝑒𝑓𝑚

Investment cost to implement module j refurbishing technology

𝑍𝑟𝑒𝑚𝑛

Unit cost saving of product i remanufacturing if technology is implemented

𝑍𝑑𝑖𝑠𝑛
𝑍𝑟𝑒𝑚𝑚

Unit cost saving of product i disassembly and inspection if technology is
implemented
Unit cost saving of module j remanufacturing if technology is implemented

𝑍𝑟𝑒𝑓𝑚

Unit cost saving of module j refurbishing if technology is implemented

𝐶𝑖𝑛𝑣

Capital investment fund available for technology implementation

Table 5.8: Decisions variables for technology selection.
Notation
𝑌𝑟𝑒𝑚𝑛
𝑌𝑑𝑖𝑠𝑛

Description
1 if product i remanufacturing technology is implemented, 0 otherwise

𝑌𝑟𝑒𝑚𝑚

1 if product i disassembly and inspection technology is implemented, 0
otherwise
1 if module j remanufacturing technology is implemented, 0 otherwise

𝑌𝑟𝑒𝑓𝑚

1 if module i refurbishing technology is implemented, 0 otherwise
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The model for technology selection (Model B) can be formulated as
Objective function
𝑁

𝑀𝑎𝑥 ∑(𝑃𝑛 𝑄𝑛 + 𝑃𝑟𝑒𝑚𝑛 𝑄𝑟𝑒𝑚𝑛 − 𝐶𝑚𝑎𝑛𝑛 𝑄𝑛
𝑛=1

−(𝐶𝑟𝑒𝑚𝑛 − 𝑌𝑟𝑒𝑚𝑛 𝑍𝑟𝑒𝑚𝑛 ) 𝑄𝑟𝑒𝑚𝑛 − 𝐶𝑟𝑒𝑡𝑛 𝑄𝑟𝑒𝑡𝑛 − (𝐶𝑑𝑖𝑠𝑛 − 𝑌𝑑𝑖𝑠𝑛 𝑍𝑑𝑖𝑠𝑛 ) 𝑄𝑟𝑒𝑡𝑛 − 𝑇𝑛 𝑄𝑛
𝑀

−𝑇𝑛 𝑄𝑟𝑒𝑡𝑛 ) + ∑ (𝑃𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 + 𝑃𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚
𝑚=1

− (𝐶𝑟𝑒𝑚𝑚 − 𝑌𝑟𝑒𝑚𝑚 𝑍𝑟𝑒𝑚𝑚 ) 𝑄𝑟𝑒𝑚𝑚 − (𝐶𝑟𝑒𝑓𝑚 − 𝑌𝑟𝑒𝑓𝑚 𝑍𝑟𝑒𝑓𝑚 ) 𝑄𝑟𝑒𝑓𝑚 − 𝐶𝑚 𝑄𝑚 − 𝑇𝑚 𝑄𝑚
−𝑇𝑟𝑒𝑐𝑚 𝑄𝑟𝑒𝑐𝑚 − 𝑇𝑟𝑒𝑓𝑚 𝑄𝑟𝑒𝑓𝑚 − 𝐶𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚
−𝑇𝑑𝑖𝑠𝑝𝑚 𝑄𝑑𝑖𝑠𝑝𝑚 )
𝑀

𝑁

+ ∑ 𝑃𝑟𝑒𝑚𝑚 (𝛼𝑚 𝑄𝑟𝑒𝑡𝑚 − ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑚𝑛 )
𝑚=1

𝑛=1
𝑁

𝑀

− 𝐶𝑟 − (𝐶𝑓 + ∑ 𝑌𝑟𝑒𝑚𝑛 𝑊𝑟𝑒𝑚𝑛 + ∑ 𝑌𝑟𝑒𝑚𝑚 𝑊𝑟𝑒𝑚𝑚 )
𝑛=1

𝑚=1

𝑁

𝑀

−(𝐶𝑑 + ∑ 𝑌𝑑𝑖𝑠𝑛 𝑊𝑑𝑖𝑠𝑛 ) − (𝐶𝑠 + ∑ 𝑌𝑟𝑒𝑓𝑚 𝑊𝑟𝑒𝑓𝑚 )
𝑛=1

(5.43)

𝑚=1

Subject to
𝑁

𝑄𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑛

∀𝑚

(5.44)

𝑛=1
𝑁

𝑄𝑟𝑒𝑡𝑚 = ∑ 𝑋𝑛𝑚 𝑄𝑟𝑒𝑡𝑛

∀𝑚

(5.45)

𝑛=1

𝑄𝑟𝑒𝑡𝑚 = 𝑄𝑟𝑒𝑚𝑚 + 𝑄𝑟𝑒𝑐𝑚 + 𝑄𝑟𝑒𝑓𝑚 + 𝑄𝑑𝑖𝑠𝑝𝑚

∀𝑚

(5.46)
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𝑄𝑟𝑒𝑡𝑛 ≤ 𝑄𝑛

∀𝑛

(5.47)

𝑄𝑟𝑒𝑚𝑚 = 𝛼𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.48)

𝑄𝑟𝑒𝑓𝑚 = 𝛽𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.49)

𝑄𝑟𝑒𝑐𝑚 = 𝛾𝑚 𝑄𝑟𝑒𝑡𝑚

∀𝑚

(5.50)

𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 = 𝐷𝑛

∀𝑚

(5.51)

𝑁

𝑀

𝑁

𝑀

∑ 𝑌𝑟𝑒𝑚𝑛 𝑊𝑟𝑒𝑚𝑛 + ∑ 𝑌𝑟𝑒𝑚𝑚 𝑊𝑟𝑒𝑚𝑚 + ∑ 𝑌𝑑𝑖𝑠𝑛 𝑊𝑑𝑖𝑠𝑛 + ∑ 𝑌𝑟𝑒𝑓𝑚 𝑊𝑟𝑒𝑓𝑚 ≤ 𝐶𝑖𝑛𝑣
𝑛=1

𝑚=1

𝑛=1

𝑚=1

(5.52)
Capacity Constraints
𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑟

(5.53)

𝑛=1
𝑁

∑(𝑄𝑛 + 𝑄𝑟𝑒𝑚𝑛 ) ≤ 𝑈𝑓

(5.54)

𝑛=1
𝑁

∑ 𝑄𝑟𝑒𝑡𝑛 ≤ 𝑈𝑑

(5.55)

𝑛=1
𝑀

∑ 𝑄𝑟𝑒𝑓𝑚 ≤ 𝑈𝑠

(5.56)

𝑚=1

𝑄𝑛 , 𝑄𝑟𝑒𝑚𝑛 , 𝑄𝑟𝑒𝑐𝑚 , 𝑄𝑟𝑒𝑓𝑚 , 𝑄𝑟𝑒𝑡𝑛 , 𝑄𝑟𝑒𝑚𝑚 , 𝑄𝑚 , 𝑄𝑑𝑖𝑠𝑝𝑚 ≥ 0

∀ 𝑛, 𝑚

(5.57)

𝑌𝑟𝑒𝑚𝑛 , 𝑌𝑑𝑖𝑠𝑛 ∈ {0, 1}

∀𝑛

(5.58)

𝑌𝑟𝑒𝑚𝑚 , 𝑌𝑟𝑒𝑓𝑚 ∈ {0, 1}

∀𝑚

(5.59)
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The case of washing machines is used to illustrate the application of the
mathematical model. The product and module parameters are given in Tables 5.9 and 5.10
respectively. The capital investment fund available for technology implementation is taken
as $500,000. Other input parameters were the same as the previous section.
The market demand for remanufactured products is one of the important factors to
consider in planning product recovery and remanufacturing. To compare the results, the
model was solved for multiple scenarios based on the minimum percentage of
remanufactured products for each variant (Rn). The scenarios considered and the
corresponding set of selected technologies are shown in Table 5.11. In scenario 1, there is
no minimum remanufactured product requirement. Scenario 2 represents the case in which
the minimum remanufactured product market demand for each variant (Rn) is 5%.
Scenarios 3 to 6 represent cases of higher remanufactured product requirements to be
supplied to the market.

Product

Table 5.9: Values of product parameters.
𝐷𝑛

𝑃𝑛

𝑃𝑟𝑒𝑚𝑛 𝐶𝑚𝑎𝑛𝑛 𝐶𝑟𝑒𝑚𝑛 𝐶𝑟𝑒𝑡𝑛 𝐶𝑑𝑖𝑠𝑛 𝑍𝑟𝑒𝑚𝑛 𝑊𝑟𝑒𝑚𝑛 𝑍𝑑𝑖𝑠𝑛 𝑊𝑑𝑖𝑠𝑛

(units)

($)

($)

($)

($)

($)

($)

($)

($)

($)

($)

1

8000

775

650

150

100

100

40

15

50000

20

80000

2

8000

790

700

170

100

100

50

13

60000

20

70000

3

8000

800

710

170

100

100

40

12

57000

10

70000

4

6000

770

680

150

100

100

40

13

70000

19

80000

5

6000

730

620

150

100

100

40

13

50000

19

80000

6

6000

765

680

150

100

100

40

11

55000

20

70000

7

6000

900

790

200

100

100

60

11

56000

20

70000
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Module

Table 5.10: Values of module parameters.
𝐶𝑟𝑒𝑚𝑚 𝐶𝑟𝑒𝑓𝑚 𝑃𝑟𝑒𝑐𝑚 𝐶𝑑𝑖𝑠𝑝𝑚 𝑍𝑟𝑒𝑚𝑚 𝑊𝑟𝑒𝑚𝑚

𝑍𝑟𝑒𝑓𝑚

𝑊𝑟𝑒𝑓𝑚

𝛼𝑚

𝛽𝑚

𝛾𝑚

($)

($)

($)

($)

($)

($)

($)

($)

($)

($)

($)

1

15

10

1

1.2

4

18000

3

5800

0.8

0.1

0.05

2

17

12

1

1.2

3

17000

4

4000

0.8

0.1

0.05

3

20

15

1

1.2

3

16000

4

4800

0.8

0.1

0.05

4

9

15

2

2

3

18000

4

4800

0.75

0.1

0.1

5

12

9

2

2

4

17000

4

4700

0.75

0.1

0.1

6

13

10

2

2

4

17100

3

6000

0.75

0.1

0.1

7

10

12

0.5

0.5

4

17200

4

4800

0.65

0.2

0.1

8

10

12

0.5

0.5

4

16700

4

4900

0.65

0.2

0.1

9

10

14

10

5

5

14900

3

5000

0.75

0.1

0.1

10

8

14

10

5

4

16900

3

4900

0.75

0.1

0.1

11

10

11

1

0.4

3

17000

3

4800

0.65

0.2

0.1

12

10

11

2

0.7

3

17100

2

5000

0.65

0.2

0.1

13

10

12

1

0.5

4

18000

2

4900

0.65

0.2

0.1

14

9

12

1

0.4

4

17000

4

6000

0.7

0.15

0.1

The results show that a higher net profit is expected for lower percentage
requirements of remanufactured products. The low remanufactured product percentage for
each product variant allows the manufacturer to increase the remanufacturing of variants
that are more profitable to remanufacture. Scenario 1 leads to the highest net profit.
However, some product variants are supplied to the market as new products only while
others are produced as remanufactured products only.
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The sets technologies selected for different scenarios have also varied to suit the
quantities of recovered and remanufactured products for each scenario. The net profit and
total remanufactured product percentage for each scenario are shown graphically in Fig.
5.3. The results show that for low remanufactured product variant percentage requirements,
the net profit gets lower as the percentage requirement increases. The total remanufactured
product percentage R decreases for scenarios 1, 2 and 3. At higher remanufactured product
percentage requirements, the net profit gets lower while the total remanufactured product
percentage increases (scenarios 4, 5 ad 6). As the percentage requirement increases, the
manufacturer ability to remanufacture the more profitable variants decreases. As the
percentage requirement continues to increase, the manufacturer is forced to produce more
remanufactured products, and this leads to higher total remanufactured product percentage
and lower net profits.

Scenario

Table 5.11: Results of mathematical optimization for six scenarios.
Selected Product Technologies

Rn Net Profit

1

R Remanufacturing Disassembly

Selected Module Technologies
Remanufacturing

Refurbishing

x106 ($)
4.55506

0.45 2,3

1,4,6

3,6,8,9,10,11,12,13

3,7,8,11

2 0.05 4.48667

0.41 3

1,4,5,6

3,6,8,9,10,11, 13

7,8,11

3 0.1

0.38 3

1,4,5,6

3,6,8,9,10,11, 13

7,8,11

4 0.15 4.34480

0.37 3,7

1,5,6

3,6,8,9,10,11,12, 13

7,8,11,12

5 0.2

4.25702

0.38 3,7

1,5,6

3,6,8,9,10,11,12, 13

7,8,11,12

6 0.25 4.18020

0.45 2,7

1,4,6

3,6,8,9,10,11,12, 13

3,8,11,12

4.43126
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R

4.6

0.9

4.5

0.8

4.4

0.7

4.3
0.6
4.2
0.5

4.1

0.4

4
3.9

Total remanufactured product percentage R

Net Profit in millios $

Net profit

0.3
1

2

3

4

5

6

Scenarios

Fig. 5.3: The net profit and total remanufactured product percentage for six scenarios.

5.5 Summary
In this chapter, the quantitative part of the decision-making framework was
explained, and the mathematical optimization model was formulated to determine optimal
product mix and technology selection. The output of the model can be used as feedback for
further improvement of the system and for fine tuning subsequent decision analysis. The
application of the model was illustrated using a case study from washing machine
manufacturing. The network configuration was determined using the multi-criteria
decision-making model from the previous chapter. The mathematical model can also
provide helpful insights for company management and government regulators on the
effectiveness of proposed measures to enhance the transition to circular economy in the
strategic manufacturing sector.
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Chapter 6
Conclusions

The decision-making framework presented in this research can be used as a
foundation for developing circular economy manufacturing systems that integrate
manufacturing and remanufacturing operations to maximize efficiency and coordination
between all parties involved. The advantages of manufacturer-led product recovery and
remanufacturing systems were outlined in Chapter 4 and in Table 4.1. The literature review
presented in Chapter 2 shows a lack of coverage of these manufacturer-led initiatives.
Many researchers have attempted to investigate the current state of affairs which in many
cases represents a trend of reluctance and resistance to transform the linear economy-based
manufacturing systems to circular economy-based systems. The present research work was
inspired by the concepts of circular products, circular business models and circular
factories in recent literature (Tolio et al., 2019).
6.1 Conclusions
The transition to circular economy entails higher level of manufacturingremanufacturing integration. The emerging Industry 4.0 technologies can be deployed at
this critical stage of manufacturing sector evolution to tackle the remanufacturing
challenges.
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A framework that considers a transition to circular economy with Industry 4.0
implementation using multi-criteria decision making was developed. A mathematical
optimization model which considers the parameters of a manufacturing-remanufacturing
closed loop system and maximizes the manufacturer net profit was formulated,
implemented, and tested. A case study of washing machines was used to verify the
optimization model. These two decision support systems are helpful to engineers and
managers in deciding the merits of following the remanufacturing strategy and designing
a system suitable for their industrial applications.
The following conclusions can be drawn
•

The results of the AHP model show that disassembly and inspection by the
manufacturer is a strongly preferred alternative for all cases considered (with 0.62
minimum score).

•

As the weight of product, materials and process criteria increases, collection by the
manufacturer gains higher score (for weights of 0.75 and 0.9, the manufacturer
becomes the preferred alternative for collection).

•

High Industry 4.0 implementation level is the preferred alternative for the case of equal
weights given to product-related criteria and logistics-related criteria. This preference
becomes stronger for higher weights assigned to product-related criteria.

•

The results of the mathematical optimization model show that the model can help
manufacturers decide the optimal manufacturing-remanufacturing product mix so that
they can reap the benefits of being socially and environmentally responsible while
maximizing their net profit.
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•

The remanufactured products supplied to the market means less raw materials and
energy used and more products at a cheaper price for consumers. Thus, the
manufacturer can also benefit from an increased market share resulting from a better
corporate social responsibility image.

•

For maximum net profit and overall remanufacturing percentage, minimum
remanufactured product percentage for variants should not be specified (The net profit
for a specified minimum of 15% was 16.28% less compared to the case of no specified
minimum which had 37% overall percentage). However, this might lead to some
variants being offered as remanufactured only and others being offered as new only.

•

The technology selection varies depending on remanufactured product requirements.
This justifies the investment in a reconfigurable system with high technology
implementation to increase responsiveness.

6.2 Contributions and future research

The decision-making framework contributes to the existing literature in multiple ways:
1- The framework provides a conceptual basis for making a more informed and robust
network configuration decisions to deal with the complexity involved in the modern
manufacturing sector.
2- The framework assists decision makers in formulating a strategy to embrace
remanufacturing as the preferred disposition alternative from the perspectives of Industry
4.0 and circular economy paradigms.
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3- The framework combines product characteristics and supply chain structure with
qualitative and quantitative analysis methods.
4- The framework considers a family of products with modular structures, the optimal
selection of technologies to be implemented and quantities of new and remanufactured
products.
The decision-making framework can be developed further using other multi-criteria
decision-making methods such as fuzzy AHP methods, and other analysis tools such as
agent-based simulation and stochastic optimization. Future research can also include the
use of heuristics to solve the mathematical optimization model for larger instances of the
network involving location-allocation decisions. Cases where there are multiple suppliers
for modules and multiple manufacturing locations and markets can also be considered as
an extension to this research.
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